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ABSTRACT

MAGNETISM IN THE IRON-BASED SUPERCONDUCTORS:
THE DETERMINATION OF SPIN-NEMATIC FLUCTUATIONS
AS THE PRIMARY ORDER PARAMETER
AND ITS IMPLICATIONS FOR
UNCONVENTIONAL SUPERCONDUCTIVITY

Keith M. Taddei, Ph.D.
Department of Physics
Northern Illinois University, 2016
Dr. Omar Chmaissem, Director

With nearly innumerable applications, superconductivity stands as a holy grail in the
research of quantum phenomena. Understanding the mechanism that begets the fabled pairing of electrons which leads to zero resistance is the most significant undertaking in order
to bring to fruition all of superconductivity’s splendor. Yet the interaction which couples
electrons in the most promising family of superconductors known as unconventional superconductors, which show the highest Tc ’s and largest upper critical fields remains a mystery.
Intense study over the past several decades on the cuprate superconductors has allowed for
the identification of several candidate mechanisms - cardinal of which is magnetic fluctuations however as of yet the question still remains. Recently, the discovery of the iron-based
superconductors has provided another fruitful avenue through which this mechanism can
be probed. Excitingly in these materials superconductivity not only arises near a magnetic
instability - a situation which is expected to be particularly suited for engendering superconductivity should magnetic fluctuations be the pairing mechanism - but also exhibit the

microscopic co-existence of the two presumably adversarial phenomena. In the work presented here the powerful techniques of neutron and x-ray diffraction will be used to study two
particularly interesting members of this family: the intercalated iron-selenide Csx Fe2 − y Se2
and two members of the iron-arsenide 122 family (BaFe2 (As1 − x Px )2 and Sr1 − x Nax Fe2 As2 ).
Though isostructural at high temperatures, these two materials behave remarkably differently and the idiosyncratic manifestations of superconductivity and ordered magnetism in
either give clues as to how the latter might stabilize the former. The iron-selenides will be
shown to exhibit a complex phase space with phase separation leading to stabilization of
magnetism and superconductivity in separate phases. The structure, behavior and complex
vacancy ordering of this phase-separated state will be elucidated and the superconductivity
attributed to a pseudo-stable minority phase. Detailed phase diagrams will be constructed
for the related BaFe2 (As1 − x Px )2 and Sr1 − x Nax Fe2 As2 compounds leading to a direct comparison of the effects driving of either doping regime. A strong magneto-elastic coupling
will be established in both of these materials and a new magnetic phase will be mapped in
Sr1 − x Nax Fe2 As2 . These observations will lead to a discussion of the role of magnetic fluctuations in the overall behavior of the material. The results of inelastic and elastic diffraction
experiments will be combined with the results of the local probe Mössbauer spectroscopy
technique in order to determine magnetic fluctuations as the primary order parameter in
the phase evolution of the iron-based superconductors, and therefore their importance in
establishment of superconductivity as the ground state of these materials.
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CHAPTER 1
INTRODUCTION

1.1

Superconductivity and the Pairing Mechanism

The nature of basic research in science necessarily invokes the whimsical and esoteric - in
the search of a rudimentary understanding of nature rarely can the opaque wall of ignorance
be pierced by foresight of implications to come. Often discoveries, thus engendered, at
first meet the bewildered skepticism of virgin expectation with no framework in place to
understand the future possibilities. Theories such as General Relativity and phenomena
such as laser found decades between their conception and a wider vindication. Indeed, the
laser was famously dubbed a ‘solution in search of a problem’ after its discovery and General
Relativity as an academic curiosity, yet in the modern world both esoteric concepts find
application in aspects of day to day life [1]. In this way, the pursuit of the most fundamental
of concepts at the center of basic science research often begets the future drivers at the
forefront of technological progress - decades after their development - while at the time of
their discovery they appear esoteric eccentricities of nature. Exceptionally, the phenomenon
of superconductivity did not face such a journey, casting asunder this progression, leaving
its study in constant strife with unrealized expectations.
Superconductivity (SC) was discovered in 1911 to significant surprise - being a phenomenon which did not find prediction in theory at the time nor was expected [2]. However,
almost immediately after its discovery the scientific community was alight with hopes of
employing SC wires to create electromagnets capable of generating magnetic fields only
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imaginable at the time. Within two years, this excitement was extinguished - the elemental SC’s first discovered became normal conductors in trivially small magnetic fields - it
would take 20 years to understand why this occurred and another 30 to finally create SC
electromagnets of the strength imaged 50 years previously [2, 3, 4].
It took half a century not to understand the possible significance of SC but to realize
the practical applications which were understood at its initial discovery (indeed SC and
SC electromagnets find homes in research facilities, hospitals and industrial manufacturing
throughout the modern world) and this narrative of chasing unrealized promise has in some
ways been an identifying feature of the study of SC. Dreams of a loss-less SC power gird,
fusion reactors contained by powerful SC electromagnets, SC based renewable power generators and Maglev trains suspended on SC tracks have existed for decades yet, despite creating
a clear path forward towards imminently needed applications, the reality of SC technology
has remained always latent to its unquestionable possibility [5].
Unlike General Relativity or lasers the phenomenon of SC was discovered well before
the mathematical framework existed to explain it. Its study has not found solid direction
from theory but instead has remained driven by experimental intuition. While the original
experiment which discovered SC was performed to discriminate between existing descriptive
theories of metals, it rather defied them all. More than four decades would pass before a new
successful quantum mechanical theory was developed which could describe SC and before
the applause could abate for the subsequently awarded Nobel prize in physics a new family of
SC’s was discovered which again thwarted description, even by this newly lauded mechanism
[6, 7]. As with the discovery of the first SC, the field has striven for nearly four decades to
understand the new family of SC - no theory has arisen. Yet, it is in these unconventional
SC’s where the best hope for realizing all the promise of SC lies exhibiting more robust
properties and perhaps most importantly higher SC transition temperatures (the original
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SC only displayed the unique traits at temperatures merely a few degrees above absolute
zero hardly conducive to practical application).
The work presented in this dissertation endeavors to contribute towards these goals by
studying an especially promising family of unconventional SC’s and attempting to elucidate
the fundamental mechanisms which drive its behaviors.

1.1.1

Phenomenological Introduction to Superconductivity

‘Kwik nagenoeg nul!’ or ‘Mercury practically zero’ was the first description given of SC
in the early 1900’s, where upon cooling Hg to liquid He levels the surprising result was
observed of a sudden drop of the metal’s resistivity, by many orders of magnitude, to a
value of zero [3]. Though not their only defining property, the observation of zero resistance
remains, perhaps, the most ubiquitously known property of SC and in fact many of the above
described applications seize upon this fingerprint. Typically when a current is established
in a conductor there is some resistance to its flow as the conducting electrons are scattered
by atomic nuclei, impurities or other electrons thus losing kinetic energy through inelastic
interactions which ultimately results in the material’s temperature increasing. Therefore, in
order for a current to be persistent it must be driven by a constant influx of energy. This is
not the case in a SC where a unique interaction occurs and electrons are allowed to travel
unencumbered through the crystal lattice, a fact which has been strenuously tested, perhaps
most satisfyingly through establishing a current in a closed loop of SC wire and then isolating
the system - the current persists indefinitely. Through such experiments a limit has been
established for the minimum lifetime of such a current - 120,000 years [8].
There is another property of SC which while less popularized is no less intriguing: the
Meissner Effect. When placed in an external magnetic field a SC will expel the field in a
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perfect diamagnetic response. This results from the formation of supercurrents on the SC’s
surface which are established such that the external field is canceled within the bulk of the
SC [9, 10]. Herein lies the problem encountered by scientists in the early 1900’s trying to
create SC electromagnets. Even in a weak external field there is some region on the surface
of the SC where the field penetrates, as the field is increased this region grows and the SC
volume diminishes. There are two possible responses of SC to magnetic fields. Type-I SC
repel an external field until it reaches a certain value known as the critical field. At this
point SC is lost and the field penetrates the material. Type-II SC, on the other hand, will
similarly expel the field until a critical field, however, at the critical field the field begins to
penetrate the SC in quantized flux units. The magnetic flux penetrates through the SC but
is shielded from the bulk, which remains SC, by small vortices of supercurrents. As the field
is continually increased flux lines penetrate in discrete amounts until a second critical field
is reached, the upper critical field, at which point SC is lost. It naturally follows that the
nature of the SC state and magnetism are adversarial and SC seems to exist only so long as
there is no magnetic field within the bulk of the SC state.

1.1.2

Conventional Superconductors and BCS Theory

For nearly the first 40 years of the pursuit of SC materials, only elemental SC were found.
Particularly among the metallic elements, these SC all had SC transitions (Tc ) below 20K
and generally exhibited prohibitively small critical fields typically on the order of magnitude
of a couple hundred Gauss [4]. While the study of these SC did not lead to the realization
of the above described applications, their behavior was uniform and their structure simple
enough to allow for the development of a quantum mechanical description of SC in the 1950’s
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by Bardeen, Cooper and Schrieffer which was dubbed the BCS theory of SC and won its
creators the Nobel Prize in Physics in 1971 [6, 11].
BCS theory describes the SC state as the pairing of conduction electrons into bound
states through attractive interactions mediated by lattice vibrations (i.e. phonons) which
overcome the repulsive Coulumb interaction. The paired electrons (known as Cooper pairs)
form such that in each pair one electron is in a spin-up state while the other is in a spindown state: the total spin of a Cooper pair is zero and the quasi-particle behaves as a boson.
The attractive interaction leads to the bound state having a lower energy than the unbound
state for low enough temperatures which gaps the Fermi surface thus importantly creating
a forbidden range of electron energies between the SC and non-SC states [11]. Consequently
the bound state is the ground state and the boson like behavior of the Cooper pairs lead
the lowest energy configuration to be when all occupy the ground state: all Cooper pairs
occupy a single quantum state forming a Bose-Einstein condensate and it is in this state
where the typically microscopic quantum phenomena become macroscopic creating SC [12].
For a more complete discussion of BCS theory see References [6, 11, 12].

1.1.3

Unconventional Superconductors

BCS theory was capable of describing most of the observed phenomena in SC, both Type-I
and II, until the 1980’s when a new family of more complex SC materials was discovered [13].
These materials, rather than being simple single/double element unit formulas as previous
SC, were complex structures with layers, complicated bonding and, unexpectedly, included
non-metallic elements, as most famously recognizable in the ubiquitous YBa2 Cu3 O7 − δ [13].
Excitingly, these new SC showed astonishingly higher Tc ’s reaching temperatures above the
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boiling point of liquid N2 pulling back into focus hopes of a room temperature SC and
removing the restrictive need for liquid He cooling for the study and application of SC.
Strikingly, as these new SC materials were studied it was found that the predictions of
the SC state derived of BCS theory were incorrect. BCS theory unambiguously ties the
symmetry of the SC gap/order parameter to the symmetry of the underlying lattice, the
new SC were found to have exotic symmetries which did not follow this prescription and
so were dubbed unconventional SC (UNSC) [13]. It soon became clear that the phonon
mediated interaction of Cooper pair formation could not describe SC in the UNSC’s: with
their increased structural complexity and no understanding of the mechanism driving their
SC there was no clear path forward the parameter space undefined. Unlike the discovery
of the original Hg conventional SC (CSC) which within days of its discovery led to the
unearthing of SC in numerous other metallic elements, the UNSC typically have complicated
structures which give no obvious trajectory to uncover similar SC. Furthermore, without an
understanding of what is causing the pairing assumed necessary for the SC state the search
for new UNSC with even more desirable properties is akin to the proverbial search for black
cat in a darkened room.

1.2

Superconductivity in the Iron-Based Superconductors

The study of these originally discovered UNSC and their derivatives has proven incredibly
useful even leading to several practically usable materials. However, most of this research
has been performed on a single family of UNSC, the cuprates, and so abstracting the understanding garnered from this work to a more general theory of SC is somewhat difficult.
In general, the cuprates were a unique system among the UNSC being easy to synthesize,
relatively stable and with a robust SC phase which is achievable through numerous permuta-
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tions to the original perovskite structure; other materials were not as suited to investigation.
It was therefore, to great excitement, that SC was found in a new family of SC in the late
2000’s which, while being significantly more difficult to synthesize than the cuprates, showed
a similarly robust SC phase and plurality of avenues through which SC was realized [14]. The
various members of this new family were united by a similar structural motif - approximately
square planes of Fe tetragonally coordinated by either a pnictogen or chalcogen - and were
therefore christened the Fe based SC (FBS) [15].

1.2.1

Magnetism and Superconductivity

Of vital importance to understanding UNSC is the identification of a pairing mechanism.
In the CSC, SC electrons are paired into a quasi-particle which behaves as a boson and leads
to the coherent SC state. As previously mentioned this phonon mediated model is incapable
of accounting for the observed properties of the UNSC. If the SC state itself is taken to
be born of the same quantum phenomena in all SC - the macroscopic observation of zero
resistance is the result of a Bose-Einstein like condensate of bosonic quasi-particles - then it
is assumed that electron pairs must still be formed in the UNSC, albeit, through a different
interaction than in CSC.
Decades of study performed on the cuprate SC has led to the identification of several
possible pairing interactions. Most notably, the proximity of SC to a magnetic state in
these materials (as well as several other UNSC) has led to the suspicion that magnetic
fluctuations might take the place of phonons in UNSC [16, 17, 18, 19, 20, 21]. In this scenario
the Coulomb repulsion is overcome by an attractive interaction mediated by magnetic/spin
fluctuations most basically understood as a spin on one electron and its resulting magnetic
field influencing the spin on another electron causing an interaction between the two which
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for the right combination of parameters is attractive and could potentially bind the electrons
into a pair [18]. However, such a description at this stage is only phenomenological and other
competing descriptions such as charge mediated pairing, and even an entirely new mechanism
which would upend BCS and act as a grand unified theory of SC have been proposed [18, 22].
Nonetheless magnetic fluctuations have remained the favored description and with such a
possible mechanism in hand it affords some vision as to where to look for new UNSC’s - in
materials near magnetic instabilities where strong magnetic fluctuations are present.

1.2.2

Families of the Iron-Based Superconductors

SC was first discovered in an Fe containing compound with the 2006 finding of Tc ∼ 2K in
LaOFeP [14]. Excitingly, as in the case of the cuprates, this FBS had a layered structure with
a coordinated transition metal (FeP) where the conducting electrons were expected to travel
in quasi two dimensional layers. A large part of the success achieved in the cuprates was due
to their layered structure which allowed for many different permutations and doping regimes
and therefore for a tuning of the carrier concentration in the SC layers. Furthermore, the
reduced dimensionality is incredibly helpful in finding theoretical descriptions - especially in
highly-correlated systems such as the cuprates - as this reduction simplifies the mathematical
framework. Finding a similar structure in a new SC generated incredible interest and within
a few years this originally discovered 1111 FBS (so named for its stoichiometry) was joined
by many new Fe containing compounds creating a new family of UNSC.
These FBS are most easily categorized by their stoichiometry and related ‘parent’ compounds into the: FeSe (11), LiFeAs (111), LaOFeAs (1111) and BaFe2 As2 (122) families
[23, 24, 25, 26]. While not achieving quite the same Tc ’s as in the cuprates (maximum Tc in
the FBS is reported as 100K) SC in the FBS shows a similar proximity to an AFM phase
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[27]. Therefore, together with the numerous structures and doping regimes within which the
SC Fe layers can be studied, the FBS make an ideal next step in the study of UNSC allowing
for many of the lessons learned from the cuprates to finally be applied to a different material
and importantly allowing for the nature of the interaction between magnetism and SC to be
further elucidated.

1.2.3

The ‘122’ Family as a Unique system

The work presented here will focus on a specific sub-family of the FBS, the 122 materials. This system confers several advantages not found in the other members, perhaps
most significantly its relative ease of synthesis. While more challenging than the cuprates,
the 122 compounds can generally be grown as large polycrystalline or single crystal samples
allowing for access to study with several important techniques which cannot be utilized with
some of the other FBS which have yet to be grown in large sample sizes. Furthermore, even
within the 122 member family, SC is stabilized in a number of different compounds with
the 122 stoichiometry through hole-doping, electron-doping, internal chemical pressure and
even external pressure. This gives an ample parameter space within which to study how
magnetism and SC interact as one or the other is suppressed or enhanced in these different
regimes. Additionally, while only exhibiting a relatively small ordered magnetic moment in
the parent compounds, it is still large enough to measure using neutron scattering - having
access to this powerful technique to probe simultaneously structural and magnetic behavior
is an incredible advantage.
One of the wider appeals of the FBS is the presence of the magnetic Fe atom in a SC - a
non-intuitive feature. As might be expected because of this inclusion, most of the FBS parent
compounds are not SC at low temperatures but are AFM ordered with the properties of a
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spin-density wave (SDW). SC is only stabilized by suppressing this AFM ordering through
one of the above mentioned avenues. Specifically, in the 122 family partial suppression of
the AFM order is possible leading to a state where SC and AFM coexist on a microscopic
scale [28]. This is an exciting feature not seen even in the cuprates, which allows for the
direct and simultaneous study of how SC arises from and competes with magnetic ordering.
Should magnetic fluctuations be the pairing mechanism in some, or perhaps all, of the UNSC
then having such an unobstructed vantage point from which to study the two phenomena
will give the best opportunity currently available to see directly the formation of SC out of
magnetic instabilities - the FBS are currently the most promising system to systematically
elucidate the SC pairing mechanism in UNSC.

1.3

Structure of this Report

The rest of this report is broken up into four chapters. The first chapter (Chapter 2) will
deal with the growth of FBS samples and will elaborate on the general experimental methods
used throughout the rest of the work. It should be thought of as a reference. The latter three
sections will refer back to this section for the details of synthesis and experiments. Chapter 3
will focus on an unusual member of the 122 family (the intercalated Fe-selendies) which not
only exhibits the coexistence of magnetism and SC but also a complicated temperature
dependent phase separation. The nature of this phase separation and how it relates to the
competition of SC and AFM will be discussed along with a careful determination of the
structure and magnetic behavior of each phase. This chapter will for the most part function
on its own.
Chapters 4 and 5 will both focus on the iron arsenide subfamily of the 122 materials to
the ultimate end of elucidating the role of magnetic fluctuations in determining the over-
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all behavior of the family. Chapter 4 will feature in depth diffraction based studies of the
BaFe2 (As1 − x Px )2 and Sr1 − x Nax Fe2 As2 materials the composition and temperature dependence of either’s structure and their magnetic behavior. It will focus on the general behavior
of the 122 family and compare the effects of isovalent substitution and hole-doping creating comprehensive phase diagrams for each system. Furthermore, this chapter will function
as an introduction to the BaFe2 As2 family, the overall behavior of these materials and the
crucial relationship between the structural and magnetic phases which will be important to
Chapter 5. The final chapter will focus on settling a long standing question in the FBS over
whether magnetism is a primary order parameter or secondary. This question will be raised
in Chapter 4 but as will turn out the studies presented in that chapter will not be adequate
to ultimately settle the debate. This last chapter will utilize a diverse set of experimental
procedures which will be needed to unambiguously determine the primary order parameter
in the 122 family.
The discussions of Chapter 3 are an extension of those found in Reference [29], those of
Chapters 4 and 5 of References [30, 31], and Reference [32] respectively.

CHAPTER 2
THE TECHNIQUES OF SAMPLE GROWTH AND
CHARACTERIZATION

2.1

Special Considerations for the Synthesis of the
Iron-Arsenides

Several unique issues must be considered in the design of synthesis procedures when
attempting to safely create quality samples of the iron-pnictides. The inclusion of inorganic
As in these materials is a danger which must be carefully mitigated on two fronts: first
to ensure the carcinogen is at all times handled safely and second to prevent unwanted
pressurization of reaction tubes due to the relatively low sublimation point of elemental As
of 880 ◦ C [33]. Therefore, a dedicated set of procedures which was followed for all synthesis
presented in this chapter will be related here.
In order to allow for the safe execution of high temperature annealing cycles required
for single crystal melt and solid state sintering growth techniques, before final reactions
were carried out all required As was pre-reacted to form binary compounds. In this way, the
necessary slow and careful heating required to fully react all elemental As could be performed
before the reaction for the desired material, allowing the final reactions to be tailored to
maximize the quality of the final product and not the mitigation of As hazards. Though
different binaries were prepared depending on the chemical formula of the final reaction,
several steps were similar to all precursor reactions including: the careful preparation of
elemental As by crushing large single crystals into small grains through grinding in a mortar
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and pestle to maximize reactions at low temperatures through surface contact, the use of
thick walled (2mm) small diameter (15mm outer diameter) quartz tubes for all reactions to
handle the potential high vapor pressure from unreacted As, and slow repeated annealing
cycles ramping to progressively higher temperatures in order to react as much As as possible
before passing the point of sublimation.
Furthermore, because of the carcinogenic properties of As as well as the reactivity of the
alkali and alkaline earth metals commonly used in these reactions, all material handling prior
to the formation of the completed compound was performed inside inert atmosphere gloveboxes. Filled with Ar, N or He, the gloveboxes used typically had O2 and H2 O concentrations
lower that 0.1 ppm. This ensured that all materials used maintained high levels of purity,
with little to no oxidation or hydration that could add impurities to the final material.

2.2

Methods of Polycrystalline Sample Growth

The technique of solid state sintering was used in the growth of all polycrystalline samples,
as well as in the preparation of the precursors for all reactions. This technique exploits the
relatively high free energy initial state created upon mixing fine powders of the starting
elements (or precursors) to allow for alloying at relatively low temperatures (∼ 50 − 90%
of the melting point). During the sintering process individual grains undergo densification
(or coarsening) forming a polycrystalline ceramic in order to minimize internal surface area.
Meanwhile at the grain boundaries formed during this process, the elements begin to diffuse
through the mixture, eventually forming a single phase if given an adequate amount of time.
Once such a cycle of annealing has occurred, the resultant mixture is ground into a fine
powder and allowed to sinter again. This process is then repeated several times to ensure a
homogeneous mixture is achieved without ever having to melt the material. By staying at
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temperatures well below the material’s melting point better control of the final composition
is achieved, and losses of volatile components are minimized.
In the following two sections, the specifics detailing the implementation of this technique
for the growth of high quality powder samples of Ba(Fe1 − x Cox )2 As2 and BaFe2 (As1 − x Px )2
will be described.

2.2.1

Ba(Fe1 − x Cox )2 As2

A series of Ba(Fe1 − x Cox )2 As2 powder samples were grown using the solid state sintering
technique described above. Precursors of FeAs and FeCo were prepared by carefully mixing
stoichiometric ratios of elemental Fe, As, and Co. These mixtures were then loaded either
straight into a quartz tube or into a carbonized quartz tube for FeAs and FeCo respectively.
The quartz tubes where then sealed under vacuum and placed in a box furnace where they
were slowly heated to 650◦ C over 24 hours soaked for 48 hours and then cooled to room
temperature over 6 hours. The resultant mixtures where then ground down using a mortar
and pestle, reloaded into quartz tubes and re-annealed. This procedure was repeated 4-6
times to ensure highly homogeneous precursors for the final reaction. Between each annealing the powders were characterized using a lab based x-ray diffractometer and once a
purity of greater than 95% was achieved no further annealings were performed. Graphical
representations of the annealing cycles are shown in Figure 2.1(a).
Once high quality precursors were obtained, different compositions of the final product
Ba(Fe1 − x Cox )2 As2 were synthesized by intimately mixing FeAs and FeCo powders in the
desired ratio (FeAs:FeCo 1−x : x) and then adding the appropriate stoichiometric amount of
Ba shavings (see Table 2.1). The resultant mixtures were then loaded into alumina crucibles
and sealed in evacuated quartz tubes which were then placed in a box furnace and annealed
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Figure 2.1: Graphical representation of annealing programs used in the synthesis of (a) FeAs
and FeCo powders and (b) the final Ba(Fe1 − x Cox )2 As2 materials.

with program 1 displayed in Figure 2.1(b). A slow ramp rate to a maximum temperature of
850◦ C was used to allow the reaction with Ba to occur slowly as its melting point of 727◦ C
was reached. After the first annealing inhomogeneous metallic mixtures were obtained.
These were then ground down into a fine powder and reloaded for further annealings at
progressively higher temperatures (programs 2 and 3 of Figure 2.1).
Figure 2.2 shows a plot of the magnetization, as measured with a homemade SQUID
magnetometer, of the three compositions described in Table 2.1 after all annealing cycles
were completed. As seen, relatively sharp (∆T ∼ 5K) single step SC transitions were
obtained for all samples.
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Table 2.1: Amounts of precursors (in grams) used in the synthesis of desired compositions
of Ba(Fe1 − x Cox )2 As2
x

Ba

FeAs

CoAs

0.063

1.0318

1.8413

0.1267

0.062

1.0319

1.8433

0.1247

0.059

1.3195

1.8493

0.1187

0 .0
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0 .9 3 8
0 .9 4 1

C o
C o
C o

0 .0 6 3

)2A s
2

0 .0 6 2

)2A s
2

0 .0 5 9

)2A s
2

-0 .5

M

(n o rm a liz e d )

B a (F e

0 .9 3 7

-1 .0
1 0

1 5

2 0

2 5

3 0

T (K )

Figure 2.2: Magnetization curves showing the diamagnetic response of polycrystalline
Ba(Fe1 − x Cox )2 As2 across the SC transition for the all compositions after the final annealing cycle. The magnitudes of the measured signals have been normalized to -1 to aid in
comparison.
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2.2.2

BaFe2 (As1 − x Px )2

In the growth of high quality BaFe2 (As1 − x Px )2 samples, a procedure similar to that
described in the preceding section was employed. High purity single phase precursors of
BaFe2 As2 and BaFe2 P2 were synthesized using the solid state sintering technique previously
described. Stoichiometric combinations of elemental Ba, Fe, As, and P were combined
and slowly heated to 750◦ C, 1080◦ C, and 1100◦ C where they were soaked between 48 and
72 hours before being quenched to room temperature (Figure 2.3(a)). In between each
annealing cycle the material was ground with a mortar and pestle into a fine powder to
facilitate homogenization.
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Figure 2.3: Graphical representation of annealing programs used in the synthesis of (a)
BaFe2 As2 and BaFe2 P2 powders and (b) the final BaFe2 (As1 − x Px )2 materials.

After single phase precursors were obtained (as determined by x-ray powder diffraction)
the precursor materials were carefully mixed with a mortar and pestle in stoichiometric ratios
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(see Table 2.2) to create the desired P concentration. The resultant mixtures were loaded
into alumina crucibles which were double sealed: first, in Nb tubes under Ar atmosphere and
second, in evacuated quartz tubes. These tubes were then slowly heated to 1120◦ C where
they soaked for 80-96hrs before being brought to room temperature. The resultant dark
gray powders were then ground into fine powders resealed and re-annealed. This process
was repeated three to four times (Figure 2.3(b)). After each annealing a small amount of
each composition was measured with x-ray diffraction and in a SQUID to determine the
quality of the SC transition and purity of the sample. Once sharp single step SC transitions
were obtained no further annealing cycles were performed.

Table 2.2: Amounts of precursors (in grams) used in the synthesis of desired compositions
of BaFe2 (As1 − x Px )2
x
0.15
0.20
0.25
0.28
0.30
0.33
0.40
0.50
0.60
0.80

BaFe2 As2
7.0266
6.6477
6.3312
6.1102
5.9405
5.7781
5.2597
1.1731
3.6677
1.9222

BaFe2 As2
0.9667
1.2957
1.6453
1.8526
1.9849
2.2188
2.7338
0.9146
4.2892
5.9946

Figure 2.4 shows the diamagnetic response of the SC powders after the final annealing
cycle (compositions which were non-SC and so have featureless magnetization curves are not
shown). All show sharp single step transitions. Compositions near the onset of Tc for this
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material show broader transitions, this is due to a severe composition dependence of Tc in
this region and will be discussed more later.
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Figure 2.4: Magnetization curves (normalized to -1) of polycrystalline BaFe2 (As1 − x Px )2
samples showing the diamagnetic response at the SC transition for SC compositions after
completion of the final annealing cycle.

2.3

Methods of Single Crystal Sample Growth

Single crystals offer several significant advantages over polycrystalline samples allowing
measurements of tensor properties which cannot be distinguished in the orientation averaging
inherent to powder sample measurements. Properties such as magnetization and resistivity
anisotropies, determination of propagation vectors due to magnetic ordering or lattice superstructures, direction dependent applied magnetic fields or external pressures among others
can only be performed on single crystal samples, making their growth an important part of
the in depth study of any material. However, despite these advantages single crystals are
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typically difficult to grow, often being limited in size, quality and homogeneity in manners
not encountered in polycrystalline samples.
In addition to difficulties in ensuring the final crystal has the needed physical properties and chemical homogeneity, there are several common obstacles met while attempting to
successfully grow crystalline samples especially in the case of air sensitive materials. While
employing sintering techniques to grow powders it is possible to keep the annealing temperatures below the melting point of quartz, and so therefore, quartz tubes can be used to easily
control the environment in which the reaction takes place. However, in the case of growing
single crystals sintering will often not create samples large enough for the desired measurement and so temperatures above the melting point of the end product must be attained. In
the case of the FBS these temperatures are usually well above the 1200◦ C limit of quartz
and so, therefore, other techniques must be used. Furthermore, in order to grow single crystals of a desired composition from the stoichiometric mixtures used in the powder synthesis
described previously, the material would have to undergo congruent melting at each desired
composition. This condition is rarely met complicating the growth of the desired material
and limiting the compositions for which high quality samples can be obtained.
In order to overcome these obstacles, the techniques of flux growth were used to grow
sizable crystals of the iron-pnictide SC for study. In flux growth, a material (usually either
an element or a binary compound) must be found which meets several important criteria:
first it should have a melting point below that of the compound to be grown and of the
containment vessels to be used (i.e. quartz, Nb and alumina), second, it must be able to
dissolve the precursors or elements which constitute the final product, and finally, it should
have properties which allow it to be separated from the grown crystals. If such a suitable flux
is obtained, the standard procedure is usually for it to be mixed with the reactants at a ratio
of 10:1 or more (flux:reactant). The mixture is then heated up to above the melting point of
the flux at which point it melts and dissolves the reactants, and finally it is cooled, usually
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slowly, allowing the dissolved materials to nucleate and grow into crystallographically well
formed crystals. By varying the concentration of reactants and the cooling rate the size of the
resultant crystals can usually be controlled; using higher concentrations and slower cooling
rates to obtain the largest crystals. While flux growth often allows for crystals to be grown
which cannot be achieved through other techniques it does have disadvantages. If the flux
used is not part of the final product it can often substitute into the desired material either
through chemical substitutions or as inclusions hidden within the crystal, or even possibly
as a coating on the surface of the crystal. These possibilities are overcome through the use
of a ‘self-flux’ whereby the flux is made of elements which are part of the desired material,
and so when possible self flux was used in the synthesis reactions.
In the following sections it will be described how this technique was uniquely adapted to
grow sizable single crystals of: BaFe2 (As1 − x Px )2 , Ba1 − x Kx Fe2 As2 and Ba1 − x Nax Fe2 As2 .

2.3.1

BaFe2 (As1 − x Px )2

While it is possible to grow quality single crystals of BaFe2 (As1 − x Px )2 using sintering
techniques [34], the crystals produced are never larger than 1 × 1 × 0.1mm3 and so are not
suitable for many neutron scattering techniques (such as inelastic and small angle scattering)
which compound the limitation of the inherently limited flux of neutron sources with the
measurement of phenomena exhibiting weak scattering. Consequently, in order to grow
large crystals (V ∼ 25mm3 ) suitable for small angle neutron scattering (SANS) studies, a
modified version of the self-flux method described in [35] was used. In this method, a self-flux
of Ba2 As3 and Ba2 P3 was mixed with FeP and FeAs in the ratio Ba2 As3 :Ba2 P3 :FeAs:FeP
(3 − 3x : 3x : 1 − x : x) such that the final ratio of Ba:Fe was 6:1. While FeAs and FeP were
grown following similar procedures as those described in the powder section, the synthesis
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of Ba2 As3 and Ba2 P3 precursors required different annealing procedures due both to the
increased concentration of As and the instability of the final compounds. Elemental Ba
and As(P) were mixed in stoichiometric ratios and then loaded into alumina crucibles which
were then sealed in quartz tubes. These were then reacted by slowly warming to 500◦ C
soaking for 10 hours then slowly warming to 650◦ C and soaking for 10 hours before cooling
to room temperature (see Figure 2.5(a)). The resulting inhomogeneous dark gray powders
were carefully ground with a mortar and pestle until a fine powder was attained. Only
one annealing cycle was used in the growth of these precursors, in contrast to the repeated
annealings described previously, as upon further annealing the integrity of the powders was
lost. It should be noted that neither Ba2 As3 nor Ba2 P3 are stable compounds and so these
precursors were mixtures of different binary compounds whose average composition reflected
the 2:3 ratio.
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Figure 2.5: Graphical representation of annealing programs used in the synthesis of (a)
Ba2 As3 and Ba2 P3 powders and (b) the final BaFe2 (As1 − x Px )2 materials.
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After the precursors were prepared, they were carefully mixed in the ratios listed in
Table 2.3 for a minimum of 10 minutes using a mortar and pestle. Once mixed they were
placed at the bottom of an alumina crucible which was then placed in a quartz tube with
a diameter just larger than the crucible. Another alumina crucible was loaded with a small
quartz tube which supported a filter of alumina wool which was fixed at the threshold. This
second crucible was then placed upside down into the large quartz tube on top of the first
crucible such that their two openings aligned. The quartz tube was then evacuated and
sealed, and then placed in another larger quartz tube which was also evacuated and sealed.
This arrangement allowed for the tube to be flipped in the oven at 900◦ C (above the melting
point of the flux) draining the flux through the wool and leaving the grown crystals with
minimal flux. The resulting platelets varied in size from < 0.5 × 0.5 × 0.1mm3 to a maximum
size of 5 × 5 × 1mm3 . The crystals were stable under ambient conditions, while the flux was
sensitive to H2 O, therefore, any remaining flux was removed by exposure to air causing it to
oxidize and easily be removed by mechanical methods and sonication without any damage
to the crystals.
Images of crystals obtained from decanting the flux as described are presented in Figure 2.6. Crystals were found to grow as platelets with faces extended in the ab plane. Large
reflective facets were seen with only slight etching from the flux visible, suggesting the quality of the as grown crystals. A typical 6 gram batch would contain many dozens of crystals
with approximately 10 crystals of size V > 2mm3 .
Magnetization measurements of a representative selection of compositions for the as
grown crystals are shown in Figure 2.7. Sharp single step transitions were obtained for all
grown SC compositions with transition widths of ≤ 5K. As reported in [35] the grown crystals always had compositions considerably larger than the nominal P concentration. While
the reason for this behavior is not understood, the difference between nominal and actual
composition was controllable and followed a logarithmic curve as shown in Figure 2.7 (b).
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Table 2.3: Amounts of precursors (in grams) used in the synthesis of single crystal
BaFe2 (As1 − x Px )2 . Only a representative selection of compositions have been listed
x

Ba2 As3

Ba2 P3

FeAs

FeP

0.010

2.7390

0.0204

0.2391

0.0016

0.025

2.7085

0.0511

0.2364

0.0040

0.050

2.6571

0.1029

0.2319

0.0081

0.065

2.6259

0.1344

0.2292

0.0106

0.085

6.0291

0.4122

0.5262

0.0325

0.092

5.9946

0.4470

0.5232

0.0352

0.094

5.9847

0.4570

0.5223

0.0359

0.095

5.1678

0.3533

0.4510

0.0278

Actual compositions were determined by comparing the SC transitions or AFM transitions
of the crystals with the known phase diagram for SC and non-SC compositions respectively.
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(a )

(c )

(b )
Figure 2.6: Optical images of several BaFe2 (As1 − x Px )2 crystals. Images taken perpendicular
to the ab plane in (a) and (b). Image taken perpendicular to the c axis in (c).
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Figure 2.7: (a) Magnetization curves (normalized to -1) showing the diamagnetic response at the SC transition for several representative SC compositions of single crystal
BaFe2 (As1 − x Px )2 labeled by determined P concentration. The comparison of nominal composition to actual composition (where actual is determined from Tc ). The actual composition
is 4-6 times larger as plotted in (b) where xtransition is the composition as determined from
Tc and the Néel temperature TN .

2.3.2

Ba1 − x Kx Fe2 As2

In order to grow large single crystals of Ba1 − x Kx Fe2 As2 while still achieving a homogeneous composition throughout the crystals the flux growth technique was employed. However, rather than using a self flux as before, a Sn flux was utilized for two reasons: to help
control the high volatility of the alkali metal K and to mitigate the well known propensity
of Ba1 − x Kx Fe2 As2 to preferentially form the optimum Ba0.60 K0.40 Fe2 As2 composition [36].
Sn has a melting point of ∼ 230◦ C significantly less than any possible self-flux candidate
which allows for a dissolution of the desired reactants at the lowest possible temperatures thus helping to control the loss of K to vaporization. Furthermore, unlike an iron-arsenide
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based flux (which can form the KFe2 As2 end-member), there is no stable compound which
is formed from reactions with the Sn flux, therefore, helping maintain a high purity of the
obtained crystals. The low melting point of Sn also allows for the easy removal of flux from
the grown crystals through the use of a centrifuge which is not possible with the highly viscus
iron-arsenide based fluxes which also have prohibitively high melting points of > 900◦ C: too
hot for safe use in a centrifuge.
More significantly, the low melting point and low viscosity of Sn help in preventing
the formation of the optimum 40% composition by permitting the use of physical mixing
method while heating the reactants. This composition is energetically favorable and even
when using low temperature sintering techniques to grow polycrystalline samples has a strong
tendency to form irrespective of the starting stoichiometry. The Sn flux is fluid enough at
the relevant temperatures that a rocking oven could be used to continually homogenize the
flux/reactant mixture and effectively inhibit the formation of K rich regions. Furthermore,
the low reactivity of Sn allowed for the convenient use of Nb tubes as vessels without the need
for an internal alumina crucible (used in previous reactions) which would have disallowed
the use of a physical mixing process.
In the absence of an established recipe the pantheon of precursor combinations were
explored and it was found that a combination of elemental Ba with KAs and FeAs gave the
best control over the final composition with the use of binary BaAs conferring no additional
advantage. While FeAs was prepared as has been previously described, KAs was prepared by
first removing the oxidized outer layer of a K ingot and then carefully scraping small pieces of
clean K off and placing them at the bottom of an alumina crucible. A stoichiometric amount
of finely ground As was then carefully placed on top of the K and the alumina crucible was
placed inside a Nb tube. Both the crucible and the tube were designed to minimize the
volume in order to limit the amount of K which would vaporize, thus ensuring as close to the
prepared 1:1 ratio of K:As as possible in the resultant product. The Nb tube was sealed with

28
an arc welder and then further sealed inside an evacuated quartz tube. This configuration
was then placed inside a box furnace and annealed before being ground once again double
sealed and re-annealed. The first and second annealing programs are shown in Figure 2.8
(a), low temperatures and minimal soaking times were utilized to help prevent the loss of
K. While the first annealing would result in a visibly inhomogeneous mixture of differently
colored powders, after the second annealing the resultant grayish powder was found to be
mostly homogeneous and was carefully ground to homogenize further before use in reactions.
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Figure 2.8: Graphical representation of annealing programs used in the synthesis of (a) KAs
and (b) the final Ba1 − x Kx Fe2 As2 materials.

Table 2.4 lists the amount of precursors and Sn flux (in shot form) used in the synthesis
of the final product Ba1 − x Kx Fe2 As2 . Even with the use of Sn flux it was found that the
final composition was always less than the nominal, most likely due to the volatility of the
alkali metal, therefore, 40% excess of K was used in each reaction such that the final ratio of
non-flux reactants was 1 − x:1.4x:2. The amount of Sn flux used was approximately 12 times

29

Table 2.4: Amounts of precursors (in grams) used in the synthesis of single crystal
Ba1 − x Kx Fe2 As2 . Only a representative selection of compositions have been listed.
x

Ba

KAs

FeAs

Sn

0.20

0.12121

0.04025

0.28854

6

0.23

0.11628

0.04614

0.28759

6

0.26

0.11138

0.05199

0.28664

6

0.27

0.11628

0.04614

0.28759

6

0.28

0.10813

0.05586

0.28601

6

the mass of the reactants. This large flux to reactant ratio was used to further help produce
a homogeneous end product. A carefully prepared mixture of KAs, FeAs and Ba was loaded
into the bottom of a Nb tube and the Sn shot was loaded on top. The tube was then quickly
sealed with the arc welder to minimize heat transfer from the bare Nb tube to the mixed
precursors. The Nb tube was then loaded into a quartz tube with a bit of alumina wool
placed at the bottom to act as a cushion. A smaller quartz tube whose outer diameter was
slightly less than the inner diameter of the original quartz tube was then also placed into the
quartz tube by resting it on top of the Nb tube. The quartz was then sealed under vacuum
such that both quartz tubes were pinched off at top leaving the Nb tube immobilized within
the final configuration. The sealed tube was then centered inside a rocking furnace so that
the Nb tube was approximately at the axis of rotation with its long axis perpendicular to the
rotation axis. Typically 4-6 such tubes were loaded at a time and a combination of unsealed
quartz tubes and alumina wool were used to ensure that they remained centered once the
rocking motor was started.
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The oven program used for these reactions was somewhat more complex than those previously described due to the conflicting goals of minimizing the time spent at high temperatures while still achieving large crystals. If the material was left too long at the maximum
temperature or cooled at too slow a rate the 40% composition would always result. The
most effective annealing program found is shown in Figure 2.8 (b). The material was heated
quickly up to 500◦ C and once 270◦ C (just above the melting point of Sn) was achieved the
rocking oven motor was turned on (as indicated by the red arrow in the figure). Once 500◦ C
was reached the material was left to soak as the physical mixing of the rocking motor homogenized the dissolved reactants in the flux. After several hours the rocking motor was then
stopped (black arrow in figure) and the material quickly heated to 1100◦ C before cooling
back to 500◦ C over 13hrs. Empirically, this combination of no soak time at the maximum
temperature with a relatively quick cooling was found to produce the largest and most homogeneous crystals. After 500◦ C was reached the material was quickly cooled back to room
temperature by turning off the oven.
In order to remove flux from the crystals thus obtained, the Nb tubes were cut above
the expected level of the material and a fine aluminum mesh was affixed to the top, this was
then loaded into a quartz tube and sealed with a supporting quartz tube as described above.
The sealed tube was then placed inside an furnace which was already at 500◦ C and left to
thermoequilibriate for 30min before being loaded into a centrifuge and spun at 3000rpm
for 2min. The tube set up allowed for the molten Sn flux to be pulled through the mesh
and be caught in the inner supporting quartz tube while the Ba1 − x Kx Fe2 As2 crystals were
caught by the mesh. What flux remained on the crystals was easily removed via mechanical
methods.
The as grown crystals were well formed square platelets with the large faces perpendicular
to the c-axis and a typical size of between 0.5×0.5×0.1mm3 to 2×2×1mm3 . Magnetization
measurements of a typical selection of crystals are shown in Figure 2.9. As seen, relatively
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sharp and mostly single step SC transitions were obtained for these materials, with width of
transitions ∆T ∼ 5K.

1 5 %
1 6 %
2 0 %
2 1 %
2 4 %

-0 .5

M

(n o rm a liz e d )

0 .0

-1 .0
0

5

1 0

1 5

2 0

2 5

3 0

3 5

T (K )

Figure 2.9: Magnetization curves (normalized to -1) for single crystals of Ba1 − x Kx Fe2 As2
showing the diamagnetic response at the SC transition for select compositions. The small
step visible at ∼ 4K for the 24% sample is attributable to the Tc of Sn: remnant flux.

2.3.3

Ba1 − x Nax Fe2 As2

Much as in the case of Ba1 − x Kx Fe2 As2 , the need to control the concentration of an alkali
metal at high temperatures dictated the conditions used in the synthesis of Ba1 − x Nax Fe2 As2 .
The end goal of the crystals which were to be grown was for use in inelastic neutron scattering experiments which require relatively large samples with masses on the order of 1g or
greater due to the inherently small signals which the technique attempts to measure. This
requirement precluded the method described above from adaptation for Ba1 − x Nax Fe2 As2 as
it is not suited to grow crystals larger then tens of mg due to the needed reactant to flux
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ratio. Furthermore, compared to K, Na is generally more controllable and Ba1 − x Nax Fe2 As2
does not share the same proclivity to form a single composition irrespective of the reactants’
stoichiometry. With the removal of these two concerns it was no longer necessary to use a
low melting point flux and have a means to physically mix the flux-reactant mixture. Therefore, a self flux of FeAs was used with a standard box furnace in a technique generally more
akin to that reported previously for BaFe2 (As1 − x Px )2 and similar to a generally successful
method which has been reported in [37].
Table 2.5 shows example precursor amounts for a typical range of grown compositions.
The precursors BaAs, Na, Fe2 As and FeAs were mixed in the ratio (1 − x):x:(1 − x):(2 + 2x)
creating a 1:2 reactant to flux ratio (descriptions of the synthesis of the precursors can be
found in the above sections). In preparation for the final reaction, the three binary precursors
were intimately mixed with a mortar and pestle for a minimum of 10min. The elemental
Na was scraped off of a freshly cleaned ingot of Na and placed at the bottom of an alumina
crucible where it was carefully flattened out so as to cover the entire lower surface of the
crucible. The mixture of binaries was then carefully placed on top of the Na, and, as before,
the crucible was loaded into a Nb tube, sealed under Ar atmosphere and then sealed in an
evacuated quartz tube. It was then placed in a box furnace standing nearly upright.
The specific arrangement of flattened Na with well mixed precursors placed on top was
designed to mitigate losses of Na upon heating. Specifically, elemental Na’s melting point
is significantly lower than any of the binaries, therefore, creating a concern that it would
volatilize before a high enough temperature was reached for the flux to melt. By placing
the Na underneath the heartier precursors as it melted it would immediately encounter the
materials and start reacting rather than venting as the temperature was increased. Furthermore, by starting with a well homogenized mixture of the binaries the formation of the
intended composition was encouraged as locally the important ratio of Ba to As was already
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Table 2.5: Amounts of precursors (in grams) used in the synthesis of single crystal
Ba1 − x Nax Fe2 As2 . Only a representative selection of compositions have been listed
x

BaAs

Na

Fe2 As

FeAs

0.21

1.3174

0.0379

1.1583

2.4864

0.24

1.2743

0.0436

1.1203

2.5618

0.35

0.6672

0.0389

0.5866

1.7073

determined [36]. Having the binaries well mixed was determined to be vital to achieving a
homogeneous boule.
The annealing program is shown in Figure 2.10. Similar to the self-flux method used for
BaFe2 (As1 − x Px )2 , a high soak temperature and slow cooling rate were utilized in order to
allow for the formation of large homogeneous and crystallographically well-formed crystals.
After quickly heating to 1100◦ C the material was left to soak for 12hrs then slowly cooled
at 2◦ C per hour to 750◦ C at which point it was quickly quenched by removal from the still
hot oven. The resultant crystals formed as large cylindrical boules with the remnant flux
on top. The crystalline boules were easily cleaved along the ab plane revealing large well
formed faces with infrequent FeAs inclusions, in this manner crystals of a desired size could
be prepared reasonably easily.
Figure 2.11 shows the diamagnetic response for several crystals. As seen crystals generally
had somewhat broad (∆T ∼ 10K) transitions which were, nonetheless, mostly single step.
The broadness of the transitions is somewhat unsurprising due to the inherent difficulty in
ensuring homogeneity across such large crystals (measured crystals were typically ∼ 3 ×
3 × 1mm3 ). Several studies were performed checking for homogeneity across the as grown
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Figure 2.10: Graphical representation of annealing program used in the synthesis of single
crystal Ba1 − x Nax Fe2 As2 materials.

boules and generally samples showed only small shifts in the measured Tc even across large
multi-gram boules. Unlike all previously discussed materials the Ba1 − x Nax Fe2 As2 crystals
were found to be sensitive to air with exposure times on the order of 1hr weakening the SC
transition and longer times leading to SC crystals becoming non-SC.
It should be mentioned that the quality of transition shown in Figure 2.11 was not always
achieved - the reactions were not perfectly reproducible. Seemingly identical nominal composition and preparation methods implemented for two similar batches might produce different
quality crystals. Despite a significant effort to determine the cause for this inconsistency
and to develop a better method, no such progress was ever made. It was always necessary
to grow multiple batches of approximately the same composition in order to obtain quality
crystals. It was found that the use of a radio frequency furnace was capable of producing
consistently high quality crystals as determined by physical measurements, however, crystals
grown using this method were not crystallographically well-formed.
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Figure 2.11: Magnetization curves (normalized to -1) for crystals of Ba1 − x Nax Fe2 As2 showing the diamagnetic response at the SC transition for several representative compositions.

2.4

Scope of Work

Unfortunately, the scope of this report is somewhat limited and will not include much
of the excellent research which was performed on all of the above described samples. It will
instead focus specifically on the relationship of magnetism and SC and the studies whose
concern lay therein. Therefore, the research which has not found a place in this dissertation
will be very briefly described in this section.
The Ba(Fe1 − x Cox )2 As2 polycrystalline samples which were grown were used in neutron
powder diffraction experiments at the high resolution powder diffractometers POWGEN of
the Spallation Neutron Source (SNS) and WISH of Rutherford Appleton Laboratory (RAL).
Both experiments were designed to carefully look for the presence of magnetic structure in
a range of compositions where a structural re-entrance has been reported.
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The single crystals of BaFe2 (As1 − x Px )2 were used in a series of experiments probing
different properties of this unique isovalently substituted material. Well aligned arrays of
the single crystals were used in small angle neutron scattering experiments performed at
the Neutron Center of NIST, studying the structure of the vortex lattice in the over-doped
region where a unique feature is seen in HvM plots known as the ‘peak effect’. The crystals
were also used in a series of diffuse scattering experiments which endeavored to elucidate the
behavior of magnetic and structural nematic fluctuations above the transition temperatures
across the phase diagram. These experiments were performed at CORELLI of the SNS and at
the Advanced Photon Source (APS) of Argonne National Laboratory (ANL). Furthermore,
crystals with optimum doping were used in a study of the effect of proton irradiation on the
transport properties.
Ba1 − x Kx Fe2 As2 single crystals were grown to study how pressure influences the phase
evolution. Transport measurements were carried out under pressure and crystals were used
in high pressure scattering experiments at WISH of RAL and at the APS, the latter of which
utilized a diamond anvil cell to reach pressures in excess of 7GPa. The sample’s pressure
dependent resistivity was also measured by a collaborator as an addition to this study.
The Ba1 − x Nax Fe2 As2 were grown specifically for use in an inelastic neutron scattering
experiment performed on SEQUOIA of the SNS which observed the presence of a unique
feature known as the resonant spin excitation. Furthermore, several crystals were used to
study the nature of a new magnetic structure in a high magnetic field neutron scattering
experiment performed at WISH and via x-ray resonance studies of the Fe orbitals performed
at Diamond of RAL.
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2.5

Laboratory Based Characterization Techniques

Once grown, samples typically were well characterized by many techniques which were
accessible via facilities at local laboratories. Their use will be commonly alluded to in the
following chapters and therefore it will simplify latter discussion if thorough descriptions of
the techniques are presented here rather than interrupting latter analyses.
As might be expected from the nature of the performed studies and the particular importance of SC, all samples had their temperature dependent magnetization characterized
either by a Quantum Design Magnetic Properties Measurement System (MPMS) or a homemade Superconducting Quantum Interference Device (SQUID). The former of these operates
essentially as a high precision low noise magnetometer, where a sample is moved in an oscillatory motion through coaxial signal and pick-up coils. The signal coil is used to apply a
static probe field which is homogeneous over the sample path. For a sample with a non-zero
magnetic susceptibility this field induces a magnetization. The sample is oscillated through
the pick-up coil creating an oscillating field at the coil which and thereby inducing a current
which is subsequently measured. The capabilities of the MPMS 3 allow for the probe field to
be set to values between −7 ≤ B ≤ 7T and the sample chamber temperature to be varied
between 1.8 ≤ T ≤ 300K. Generally the magnetic and SC transitions of crystalline samples
were determined by the MPMS 3 using a standard procedure: the sample was mounted
using varnish on a quartz sample stick. The sample was centered and then cooled to 1.8K.
At this base temperature a small field of 10 Oe was applied and the sample was warmed to
the desired temperature at a rate of 2K/min. For SC samples, the application of a field in
the SC state causes a complete diamagnetic response known as the Meissner effect. This
response, in the samples reported here, was large enough to induce a measurable current
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in the pick up coil. In depth theory on the operation of a magnetometer can be found in
Reference [38].
The operation of SQUID’s are somewhat more involved, however, they are significantly
better suited for the measurement of small signals. In a SQUID the sample is placed at the
center of a pick-up coil. This coil is then coupled to a small ring of SC material which is
broken either in a single or in two locations by a small region(s) of insulator: a configuration
known as a Josephson junction. While the operation of a Josephson junction is beyond the
scope of this report detailed descriptions can be found in References [39] and [40]. Here it is
only important to know that it allows for the discrete measurement of flux quanta and consequently incredibly small fields allowing for not only smaller signals to be measured than in a
MPMS but also for smaller probe fields to be used - an important advantage when measuring
the fragile SC state. A consistent procedure for measuring the crystal and polycrystalline
samples on a homemade SQUID was established where samples were mounted on a pin with
Teflon tape loaded into the pick-up coil and quickly cooled to a base temperature of 2-10
K (depending on the expected transition temperature). Once at base temperature a small
10Oe field was applied and the temperature was slowly raised. Transitions determined using
this method are shown in all of the Tc plots of the previous two sections. More detailed
treatments of the operation of a SQUID can be found in References [39, 41, 42, 43, 44].
At various stages along the synthesis process in lab x-ray diffraction characterization was
performed using a PANalytical X’pert Powder diffractometer. This was done in order to
determine the purity of precursors by checking the observed peak positions and intensities
against a library of known compounds. Furthermore, diffraction patterns were occasionally
taken for finished polycrystalline samples in order to roughly determine lattice parameter
values. For each measurement, a silicon wafer was prepared with a slight coating of high
vacuum grease which was then lightly dusted with a finely ground powder of the material
to be measured. In the case of air sensitive materials these steps were performed in an Ar
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filled glovebox and a thin kapton sheet was placed over the powder. Samples were always
measured with x-ray generator settings of 45kV and 40mA with varying 2θ ranges depending
on the expected size of the material’s unit cell and the purpose of the measurement.
The structure of single crystal samples was characterized using a STOE imaging plate
single crystal diffractometer (IPDS-II) with a monochromatic Mo source which generated
x-rays with λ = 0.71073Å. Small single crystals of V < 0.008mm3 were either mounted on
a glass pin with a small amount of super-glue or fixed inside a superglue sealed kapton tube
with a small amount of vacuum grease (depending on whether the sample was air sensitive
or not). Typically, individual frames were collected with an exposure time between one
and four minutes. Collections were done over 180◦ with 1◦ ω rotations at two different φ
positions. The packaged X-Area software was used to index the resulting exposures, perform
absorption corrections, determine the unit cell, transform the reflections into a 3-D reciprocal
space and to generate the hkl files listing the peak positions, indexes and intensities for use
with Rietveld refinement software.
Determination of the orientation and presence of twinning in single crystals was performed using a Rigaku Geigerflex Laue diffractometer. Unlike the previously described
x-ray diffraction techniques which generate radiation of a single wavelength and rely on
sample/detector rotations to satisfy the diffraction condition, Laue diffractometers generate
a nominally ‘white’ x-ray beam with a broad spectrum and operate in a reflection geometry.
This allows for a single crystal-detector orientation to satisfy the diffraction condition for
multiple Bragg peaks. Therefore a single exposure with a Laue diffractometer can cover large
planes of reciprocal space which endears the technique to the determination of how crystalographically well-formed a sample is with twinning or ill-defined peaks being immediately
visible. While the x-ray generator settings varied depending on the size of the measured sample, typically settings of between 10-20kV and 10-20mA were used with exposure times of
1-5 minutes for high current settings and up to 30 minutes for low current settings. Samples
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were measured with a detector-sample distance between 100mm and 175mm; a relatively
short distance which increased the coverage in reciprocal space at the expense of resolution.

2.6

X-ray and Neutron Diffraction

Diffraction techniques are indispensable tools in the study of the crystallographic properties of materials. A single diffraction pattern can provide the means to determine: the
symmetry of the structure, the position of the constituent atoms within the unit cell, the
occupancy of individual atomic positions, the internal and external strains on the structure
and the average deviation of an atom from its crystallographic site. Furthermore, through
the diverse implementations of the technique which have been developed since its inception
the list of observable properties grows including dynamic events, magnetism, short-range
disorder - such an enumeration becomes nearly untenable. The application of these techniques to SC allow for an incredible amount of information to be extracted and a highly
accurate picture of the phase space and structural behavior which surrounds the SC state
can be created. These techniques will be wielded as a flashlight to illuminate the properties
of these materials and how they relate to SC. It will, therefore, be useful here to present a
brief review of neutron and x-ray diffraction, which will be largely derived of work presented
in References [11, 45, 46, 47] and [48].
In this section, the basics of scattering theory will be introduced. Elastic scattering will be
introduced first through a treatment of x-ray diffraction. This treatment will be extended
to cover neutron scattering and then generalized to cover the inelastic scattering events.
The differences between x-ray and neutron scattering techniques will also be discussed in
Section 2.8.
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2.6.1

Elastic Scattering

The familiar Bragg Law shown in Equation 2.1 most intuitively describes the basic condition of diffraction. Here a regular lattice of atoms which constitute an extended solid is
thought of as a series of lattice planes which then may reflect incident radiation of the appropriate wavelength. Bragg’s Law states that in order for constructive interference to occur
between x-rays reflected from parallel lattice planes separated by d the path length 2d sin(θ)
(where θ is the angle of incidence) must be equivalent to an integer multiple of the x-rays’
wavelength.

2d sin(θ) = nλ

(2.1)

More generally for a wave of electromagnetic radiation incident upon an extended three
dimensional solid the amplitude of the scattered wave may be written as:

FG =

XZ

dV nG e−i(G−∆k)·r

(2.2)

G

where the framework of reciprocal space has been invoked defining a reciprocal lattice vector
G = hb1 +kb2 +lb3 which defines a point (hkl) on the reciprocal lattice (see Reference [11]).
Here the summation is over reciprocal lattice points, the integral is over the sample volume,
nG is the electron density at a specific G, ∆k is the difference between the wave vector of the
incident and scattered radiation (k − k0 ) and r is a point in real space. Of vital importance
here is that the scattering amplitude is only non-zero if the power of the exponent is zero
ensuring that ∆k = G - the diffraction condition. If only elastic events are considered then
|k| = |k0 | and the diffraction condition simplifies to a vector formulation of Bragg’s Law.
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2k · G = G2

(2.3)

In this formulation it becomes clear that the diffraction condition is actually a very exacting restriction where for any given G there is only one k which will satisfy the requirement
and lead to constructive interference. In a scattering experiment this three dimensional
reciprocal space is explored by either using a broad band light source or through different
detector-crystal orientations in order to satisfy Equation 2.3 and observe Bragg peaks. The
position and intensity of such peaks then, by Equation 2.2, reveals the structure/symmetry
and spacial electron density of the measured material. If a large enough portion of reciprocal
space is observed, the average structure of the sample is theoretically completely determined.
In the case of a polycrystalline sample, the orientation of the individual constituent
crystallites will not be correlated but instead will be randomly distributed. Therefore the
diffraction condition is somewhat relaxed as for a given reciprocal lattice vector G any
incident k with a magnitude |G|/2 will satisfy Equation 2.3. Rather than observing peaks
well localized in a three dimensional space the scattering intensity from a powder sample is
observed as a function of the magnitude of the scattering vector. In such an experiment there
are significantly less scattering vectors to collect over and typically, as might be predicted
from Equation 2.1, a geometry is chosen such that the source and sample are fixed in space
and the detector scans in θ.
In is noteworthy that Equation 2.2 can more appropriately be interpreted as a Fourier
transform of the electron density. Having determined the diffraction condition, the scattering
amplitude can be rewritten as:
Z
FG = N

dV n(r)e−iG·r

(2.4)
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Here it is clear, that the scattering amplitude is a Fourier transform of the electron density
into momentum space - x-ray scattering is directly measuring the electron density. This
has several important practical implications for the technique. It dictates that the intensity
scattered by an atom is directly related to its electron count. Therefore, the scattering signal
goes up as the atomic number of the atom is increased leaving light elements such as H, He,
and Li nearly transparent and heavier elements with larger atomic numbers with very strong
scattering. For instance, in a material such as Ba1 − x Nax Fe2 As2 the large difference in atomic
number between Na and Ba would lead to the diffraction pattern being exhibiting more
features born of the Ba species than of the Na. More subtly, this trend means that atoms
close in atomic number have very little contrast in the technique. This can complicate studies
which intend to determine relative site occupancies, such as in Ca1 − x Kx Fe2 As2 where x-ray
diffraction would not allow for a trustworthy determination of the dopant concentration.

2.6.2

Neutron and Inelastic Scattering

Much like x-ray scattering, the wave-like nature of the neutron allows for neutrons with
high enough energies to diffract from structures on the order of magnitude of the distance
scales encountered in the inter-atomic spacing of crystals. Many of the relationships established in the previous subsection are valid in this section also. However, Equation 2.4 must
be rewritten as:
Z
FG = N

dV G(r)e−iG·r

(2.5)

where the electron density has been replaced by G(r) or the nuclear density. Neutrons
interact most strongly with the nuclei of the material as opposed to the electrons. Therefore,
in a neutron diffraction experiment, the positions of the nuclei create the reciprocal space
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rather than the electron clouds. Furthermore, scattering cross-section is not monotonic across
the periodic table - atoms which have similar atomic numbers, or even different isotopes can
have wildly different cross-sections. This behavior creates a collaborative nature to x-ray
and neutron scattering; a material which may have poor contrast between constituent atoms
in one technique might have strong contrast in the other.
Additionally, the non-zero magnetic moment of the neutron allow it to scatter off of
magnetic sites. While the theory is beyond the scope of this work, this property will be used
extensively in the later chapters and so is worthy of mention here. In a magnetic material the
presence of a moment on certain sites creates another lattice which may be commensurate
or incommensurate with the nuclear structure. In either case the magnetic moment of the
neutron causes an interaction with this lattice and while the form of the scattering amplitude
becomes significantly more complex than Equation 2.5 it also results in a series of Bragg
peaks which can be measured in a diffraction experiment to determine the symmetry and
size of the ordered moment of the magnetic phase.
In the previous Section 2.6.1 the diffraction condition was simplified for the case of elastic
interactions. More generally, scattering processes are possible which do not conserve the
momentum of the incident neutron (or x-ray) and Equation 2.5 may be further generalized
to include dynamic processes which can cause an inelastic component to the total scattering:
N
F (Q, t) =
2π

Z

∞

e
−∞

−iωt

Z

∞

G(r, t)e−iQ·r drdt

(2.6)

0

Whereas previous formulations had effectively measured the case of ω = 0, in this form
dynamic effects now contribute and non-zero ω’s are included, indicating inelastic scattering
events. In general, the behaviors which give rise to such signals are complex and solving the
above equation even in a simplified model system such as the harmonic oscillator becomes
difficult, unlike the intuitive from of the static case. While such experiments will not play
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a large role in this report, in the final chapter it will become useful to discuss phenomena
which can only be observed using inelastic neutron diffraction (IND) and so it is meaningful
to first show it at least briefly here.

2.7

Mössbauer Spectroscopy

While the analysis of various neutron and x-ray scattering experiments will prove to be
the backbone of the work in this report, as will be seen in Chapter 5 these powerful techniques will eventually need to be supplemented by a complimentary local probe measurement
in order to achieve a decisive conclusion. Whereas the previously described diffraction procedures result in measurements in units of scattering vector, reflection angle or d -spacing
(all measures most naturally understood within the framework of reciprocal space) a local
probe such as Mössbauer spectroscopy directly reveals information about the local environment experienced within a unit cell. One of the advantages to diffraction techniques is
their ability to study the unit cell as a whole revealing information whose interpretation is
predicated on the existence of a normal reasonably isometric bulk. However, this necessarily averages behaviors and can, at times, obscure subtleties born of more nuanced localized
behaviors. It, therefore, becomes useful to compliment diffraction based studies with local
probe measurements to unravel information lost in the averaged bulk behavior seen in a
diffraction experiments. As will be seen, cases which are significantly different in real space
may engender identical reciprocal spaces obscuring the ability to distinguish between them.
The technique of Mössbauer spectroscopy is based on the phenomenon of recoilless nuclear
resonance of gamma-radiation discovered by R. L. Mössbauer in 1958 [49]. Nuclear resonance
is the event of an excited nucleus of a particular isotope of an element de-exciting and thus
emitting a gamma-ray (γ) which could then theoretically be absorbed by another nucleus of
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the same species exciting it to the same state as the original state of the emitter nucleus.
However, for free unbound nuclei this condition cannot be met as energy must be lost to
recoil of both the emitting and absorbing nuclei, leaving the emitted γ without enough energy
to excite the second nucleus. If the situation is instead configured such that both nuclei are
part of an extended lattice then the energy lost to recoil is negligible due to the relatively
large mass of the lattice. Furthermore, while it is possible for the lattice to absorb some
energy from the γ in the form of a phonon, such lattice vibrations are quantized and therefore
there is an event where the energy of the emitted γ is insufficient to excite a phonon and the
emission and absorption become recoilless.
In Mössbauer spectroscopy a γ source is matched to the material to be studied which
is of the same species, for example a source of
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Fe might be used to study the Fe site in

BaFe2 As2 , in a geometry such that the emitted γ go from the source to the sample behind
which is positioned a detector. Should resonance occur then, at the detector, a decrease in
the measured intensity should be observed. However, in such a case the Fe in the sample
material is in a different bonding environment than the source. Therefore, the resonance
condition described above cannot be met as the excited states of the sample Fe will be at
different energies than the source (even accounting for broadening of the emission spectrum
due to the uncertainty principle). In order to re-achieve resonance the Doppler effect is used
and the source is moved in an oscillatory motion causing for a variation in the wavelength
of the emitted γ. The signal at the detector is then plotted as a function of the γ source
velocity, where the shift in the absorption peak from v = 0mm/s reveals the difference in the
s-shell electrons of the source and sample Fe nuclei. The s-shell electrons are most closely
located to the nucleus and so most directly influence its excited state, any difference in these
electrons reflect the different bonding environments of the nuclei. This shift is known as the
Isomer shift.
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In real materials two further higher order effects can occur which engender an absorption
spectrum measured at the detector which is more complex than a just a shift in the absorption
peak. For non-cubic materials (such as the tetragonal BaFe2 As2 ) an electric field gradient is
expected on the Fe site which can interact with the spin state of the nucleus leading to a split
in the nuclear energy levels. This interaction is known as the electric quadrupole interaction
and causes a splitting of the absorption peak as previously degenerate nuclear states lower
and raise in energy. Furthermore, for a material with an ordered magnetic moment on the Fe
site the presence of a magnetic field again splits the nucleus’ energy levels resulting from the
magnetic dipole interaction (or Zeeman effect). This effect causes the nuclear energy levels
to split into six separate states leading to a sextet of peaks in the Mössbauer absorption
spectrum.
Using these three effects, much can be discovered about the local environment of the Fe
site in the sample (for the example presented here though other suitable nuclei exist). The
isomer shift reveals the difference between the density of the s-orbitals of the source and sample thereby giving information about their relative oxidation states. The electric quadrupole
effect allows for the symmetry of the Fe site to be determined as well as the relative direction
of any electric field gradient. Finally the magnetic dipole interaction allows for the determination of the size and direction of the magnetic moment on the Fe site and importantly will
reveal the presence of different Fe sites should the magnetism be inhomogeneous. A more in
depth handling of the technique can be found in Reference [50].

2.8

Reactor, Spallation and Synchrotron User Facilities

Over the course of this report data produced from a wide variety of scattering facilities
will be analyzed. These national facilities confer innumerable advantages to the previously
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described lab based x-ray sources such as increased flux, higher resolution, low temperature
capabilities, access to neutron scattering etc. These advantages certainly allow for a deeper
study of the materials but their varied operation requires at least a brief introduction to their
basic principles which would be disruptive if included where in this report their data were
used. Therefore, in this section the different sources will be introduced and the individual
beamlines used on each source will be minimally described.

2.8.1

Synchrotron X-rays

Of vital importance to the following research is the use of the powder diffractometer beamline 11BM-B of Argonne National Laboratory’s (ANL) Advanced Photon Source (APS). The
previously discussed wealth of information which can be obtained from a single diffraction
pattern belays the usefulness in characterizing new materials first with such a beamline in
order to determine sample quality and structural properties. Therefore, after a material is
grown and determined, via lab based characterization, to have interesting properties it is
often run on 11BM-B at room temperature to get high resolution x-ray powder diffraction
(XRD) patterns and determine the lattice parameters and bonding. Furthermore, the beamline’s high flux and low temperature capabilities make it indispensable in determining the
temperature dependence of the lattice and characterizing structural phase transitions with
a high degree of certainty. Therefore, in addition to routine room temperature characterization, 11BM-B was often used to determine structural phase diagrams.
The APS is a synchrotron light source which generates x-rays through the acceleration
of electrons accumulated in a storage ring, traveling a significant portion of the speed of
light, via magnets. While there are numerous different accelerating magnet configurations,
the 11BM-B beamline uses a bending magnet to produce x-rays with a range of energies 5-
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40keV and a Si monochromator to select a desired energy in this range [51]. The beamline is
extremely high resolution with an instrumental resolution of 1.7 × 10−4 (∆Q/Q) which makes
it ideal for studying the types of small structural distortions which the research reported here
concerns itself with. More details on the beamline can be found in References [51] and [52].
In the experiments discussed here nearly identical methodology was employed. Polycrystalline samples were mounted on kapton tubes by lightly coating the tube with grease
and lightly dusting with the sample to create a thin homogeneous coating. The tubes were
loaded into either a N cryostream or a He cryostat which could reach temperatures of 90K
and 4K respectively and scans were collected on warming from base. Typically 10 minute
scans were performed over a 2θ range of 28◦ and an x-ray wavelength of λ = 0.413Å was
used.

2.8.2

Neutron Sources

Of the neutron scattering experiments performed two different types of sources were
used: spallation and reactor. The basic operation and manner of data collection for these
two sources is significantly different. While a reactor source produces neutrons which are
generally monochromated and therefore, lead to experiments similar to that described for
monochromatic x-rays, a spallation source produces neutrons with a broad range in energies.
Therefore, experiments at a spallation source are rather more like an x-ray Laue experiment
where a stationary sample-detector geometry can lead to nearly complete diffraction patterns.
Reactor source neutron scattering experiments were carried out at Oak Ridge National
Laboratory’s (ORNL) High Flux Isotope Reactor (HFIR) on the the triple-axis spectrometer
(TAS) HB-1A and the four-circle single crystal diffractometer HB-3A. HFIR is an 85MW
nuclear reactor. In order to produce neutrons for scattering experiments part of the neutron
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yield of the fission reaction is siphoned out of the reactor. These are passed through a H
moderator which reduces their energy creating ‘thermal’ neutrons whose wavelength is on
the order of magnitude of interatomic spacings [53, 54]. These neutrons are then used by
the various experimental beamlines.
Though TAS are traditionally used for inelastic studies, in this work the relatively high
flux of HB-1A allowed it to be used to study weak magnetic ordering. An incident wavelength
of λ = 2.3626Å was used and samples were mounted in either aluminum or vanadium cans
which were sealed with a gasket of In wire in an He atmosphere. A closed cycle refrigerator
(CCR) was used to reach temperatures of 10K. Typically, a sample was mounted and the
profiles of the magnetic peaks and a structural peak were scanned in 2θ. The point of
maximum intensity of the magnetic peaks was then scanned in temperature on warming
from base using collection times between 30-120 seconds per temperature, with temperature
steps between 1-5K.
HB-3A with its high flux and four-circle goniometer is ideal for studying magnetism
in small crystals. In the experiments discussed in this report crystals were mounted on
aluminum pins with a small amount of super-glue before being coated with a thin layer
of CYTOP (which was used due to its transparency to neutrons to create a hermetic seal
around the air sensitive samples). Samples were loaded into a Displex and data were collected
between 10-300K. Using an incident wavelength of λ = 1.542Å temperature dependent
scans were performed for magnetic and structural peaks. Full scans of reciprocal space were
performed at room and base temperature and over 470 peaks were measured for use in single
crystal refinements. Further information on the design and operation of HB-3A can be found
in Reference [55].
In contrast to reactor neutron sources, a spallation source produces neutrons by accelerating charged particles into a suitable target (i.e. one made of ‘heavy’ elements). In the
most common form a proton beam is directed at a target made of atoms with large nuclei,
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which therefore contain many neutrons. The high energy protons then transfer energy to the
target nuclei through direct collisions and in turn cause for the ejection of nucleons some of
which are neutrons. While any charged particle ejected will quickly interact, for a thin target
a free neutron can travel for relatively long distances without collisions [56]. These neutrons
are then focused and slowed down by a series of moderators and directed towards individual
beamlines [57]. For more detail see Reference [56] which provides a nice phenomenalogical
treatment of neutron spallation.
A significant difference between a spallation source and a reactor is in the spread of
energies of the usable neutrons. While a reactor constantly produces neutrons at a rate
determined by the nature of the fission reaction, the creation of neutrons in a spallation
source can be more controlled. The proton accelerator generally is configured to produce
proton bunches at the target with some frequency. This pulse of protons creates a pulse of
neutrons with a known creation time and a characterized distribution of energies. This allows
for a spallation source to operate quite differently. A beamline at a reactor must select for
a specific wavelength neutron in order to achieve a meaningful resolution. This may simply
be realized by considering Bragg’s Law where a spread of λ creates an uncertainty in d. On
the other hand, in a spallation source each neutron has a creation time associated with it.
By keeping track of how long a neutron takes from its creation to a detector (i.e. its time
of flight or TOF) it is no longer necessary to select for only a single wavelength as each
neutron’s TOF will belay its wavelength. In the above consideration of Bragg’s Law now
rather than creating an uncertainty in d the spread in λ of the incident neutrons combined
with the time stamp allow for the diffraction condition to be individually calculated for each
incident wavelength. Therefore, similar to x-ray Laue diffraction, a diffraction beamline on
a spallation source can cover a large range of reciprocal space in a single sample orientation.
Many of the neutron experiments which will be discussed in later chapters were performed on the high resolution powder diffractometer POWGEN of ORNL’s Spallation Neu-
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tron Source (SNS). POWGEN achieves a high resolution of ∆d/d = 0.0015 by having a long
target to sample beam path ensuring highly collimated neutrons while also having a large
angular coverage and a decent flux [58]. All experiments performed on POWGEN followed a
similar procedure. Multiple gram sized samples were loaded into vanadium cans and sealed
with copper gaskets under He atmosphere. A cryostat was used and data were collected at
temperatures between 5 and 300K. Typically long 1-2 hour collections were taken at base
and room temperature using multiple frames which allowed for a coverage of all relevant
d-spacings, while shorter 10-45 minute collection times used to collect diffraction patterns
on warming.
An experiment was also performed at the wide angular-range chopper spectrometer ARCS
of the SNS. However, the technique of TOF IND is somewhat more complex than the elastic method and more importantly is less central to the work presented here. Therefore,
descriptions of the operation of ARCS and the technique of IND will be left to external
reports [59, 60] and only the specifics of the particular experiment will be described here.
Large polycrystalline samples of mass ≥ 6g were loaded into aluminum cans under a He
atmosphere. An incident energy of 30meV has used and long several hour collections were
performed at 5 and 50K.

2.9

Tools of Analysis

The relationship between observed diffraction patterns and the underlying lattice structure of the studied material was described in Section 2.6. In general, the application of this
relationship to extract quantitative information from diffraction patterns is complex, being
a convolution of properties of the material, the neutron or x-ray source and the detectors
among other factors. Several software suites have been created to handle such data analysis
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to extract lattice parameters, atomic positions and strain parameters based on the leastsquares method of Rietveld refinement [61]. Specifically, in the analysis of the powder x-ray
and neutron diffraction data used here the EXPGUI interface to the General Structural
Analysis System (GSAS) was employed to refine structural and magnetic models against
the observed reflections. To fit the peak shapes of the TOF NPD back-to-back exponentials
convoluted with a pseudo-Voigt function was used which, additionally, included micro-strain
broadening [62, 63, 64]. XPD data was similarly analyzed using EXPGUI and GSAS with
a pseudo-Voigt function corrected for asymmetry of the reflections as described in Reference [65]. Neutron single crystal diffraction data were integrated using code provided by the
HB-3A beamline and refinements were performed using the FULLPROF suite [66].

CHAPTER 3
PHASE SEPERATED SUPERCONDUCTIVITY AND
MAGNETISM IN IRON-CHALCOGENIDE
SUPERCONDUCTORS

3.1

The Intercalated Iron Selenide Superconductors:
Csx Fe2 − y Se2

In the study of magnetism and its competition and general relationship with UNSC in
FBS, the intercalated iron-selenide family of SC is unique and relatively ill-understood. For
the many families of iron-pnictide SC well characterized phase diagrams have emerged leading
to a generalized picture for the behavior of magnetism, SC and phase competition with
smoothly evolving AFM and SC ‘domes’. However, the establishment of such phase diagrams
for the iron-selenides has proven troublesome. Considering the members of this family for
which phase diagrams have been established (namely Rbx Fe2 − y Se2 and Kx Fe2 − y Se2 [67, 68])
a significant departure from the smooth continuous phase boundaries characteristic of the
pnictides is seen. In these compounds, the SC dome becomes a plateau with Tc showing no
composition dependence for the SC compositions and an AFM phase which not only is never
fully suppressed, but which also has no significant composition dependence of TN whose
value never drops below 400K for any known composition.
In further departure from the other families, these materials have a surprisingly high
AFM ordering temperature of > 400K, well above the TN ’s of the pnictides which are all
< 300K. Along with this uncharacteristically high Néel temperature the intercalated iron-
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selenides also have a relatively sizable magnetic moment of ∼ 3µB /F e - an order of magnitude
larger than the iron-pnictide materials. The presence of such strong magnetic ordering is
non-intuitive for a SC and especially in light of a suspected magnetic pairing mechanism.
As discussed in Chapter 1 magnetically mediated SC is expected to arise near a magnetic
instability or in a region of phase space where long range magnetic order is being or has been
suppressed - not in a material with a robust AFM with high ordering temperatures and a
large ordered magnetic moment. In such a well-ordered state it seems unlikely that there
would be the necessary magnetic fluctuations to form Cooper pairs.
Furthermore, considering specifically the 122 members of the two families (Ax Fe2 − y Se2
with A = Na, K, Rb and Cs and B Fe2 As2 with B = Ca, Sr and Ba) numerous unexpected
differences manifest despite them being isostructural at high temperatures and having similar
general properties. Both materials share not only a proximity of SC near AFM but also
similar structural motifs with, both containing the important transition metal layers which
are believed to host SC. Despite these similarities and in addition to the differences discussed
above there are several seemingly irrevocable differences between the iron- selenides and
the rest of the FBS. Strikingly, the selenide materials behave like Mott insulators while
the pnictides are generally metallic, a significant difference which should belay different
qualitative electronic behaviors in the materials. Furthermore, Fermi surface (FS) topology
of the selenides shows a significant departure from the FBS which rebukes the concept of
FS nesting as the mechanism behind the AFM ordering. This point is especially important:
as will be seen in later chapters the shape of the FS is inseparable from the intrinsic phase
behavior of the other FBS [69, 70]. This opens up the question as to whether similar
mechanisms might be used to describe the phase evolution in these systems at all or whether
the similarities between the selenides and the other FBS are only coincidental.
Another significant departure from the general narrative of the 122 family, and perhaps
one of the least well understood characteristics of the selenides, is the presence of two distinct
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coexisting phases at temperatures below Ts [71, 72, 73, 74, 75, 76]. While this phase separation has been well established and is generally characterized by small microscopic domains
of a 122-like structure existing within a matrix of the AFM main phase, details about the
minority phase are scarce and its structure is contested [72, 77, 78]. Because the minority
phase forms usually as no more than 30% weight fraction of the material, it is difficult to
study directly in the phase separated state. Further obscuring its study, the minority has
never been successfully grown on its own and in fact does not appear to be independently
stable. However, the inclusion of this second phase could possibly account for many of the
differences described above by allowing the unexpected features to be attributed to only one
of the phases while reserving the SC properties and similarities to the FBS for the other. For
example, if the majority phase shows these unique features alien to the rest of the 122 family
while the minority phase is found to be SC and to be similar to the pnictides in its nuclear
and electronic structure then the behavior and driving mechanics of this system might yet
be unified with the rest of the FBS family. If not then a new vocabulary must be developed
in order to understand SC in these materials. It is therefore, of utmost importance to gain
a better understanding of the properties of this ill-understood minority phase.
Though still debated in many aspects, a general qualitative narrative of the phase evolution for the Ax Fe2 − y Se2 materials has emerged. At temperatures above ∼ 500K the family
orders into the well-known ‘122’ ThCr2 Si2 structure with the I4/mmm space group symmetry. However the deviation from stoichiometric 122 due to the fractional x and y values lead
to the presence of fully disordered vacancies on the A and Fe sites (at these temperatures)
[79]. Upon cooling, the Fe vacancies begin to order and at a Ts of ∼ 470K drive a structural
√
√
transition into a vacancy ordered state with a larger 5 × 5 × 1 supercell and a lowered
I4/m space group symmetry. At temperatures ∼ 30K below Ts the ordering of the vacancies
causes a magnetic transition into an AFM block-checkerboard phase [79]. The formation of
the vacancy-ordered supercell produces a majority phase with the A0.8 Fe1.6 Se2 or A2 Fe4 Se5
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stoichiometry (the so-called ‘245’ phase). Concurrently, the excess cations not consistent
with the 245 formula nucleate a minority phase identified as Ax Fe2 Se2 of the 122 structural
type. Hereafter, the term LT122 will be used to distinguish the minority phase from the
high-temperature paramagnetic 122 phase of HT122. While there have been reports of a
transient second minority phase they are not wide spread and so will not be discussed here.
In either case, the presence of the LT122 phase is stable down to base temperatures and its
phase fraction is usually constant after its formation [80, 81]. Typically no further transitions
occur until ∼ 30K where, in this phase separated configuration, the material becomes SC.
In order to better elucidate the properties of the minority phase, a series of Csx Fe2 − y Se2
single crystals were grown. The Cs system was chosen due to its status as the least well
studied of the intercalated iron-selenides. High quality crystals were obtained and used
for a series of x-ray and neutron single crystal diffraction experiments performed on a lab
based STOE single crystal diffractometer and at beamline HB-3A of ORNL’s HFIR. Several
batches of crystals were carefully ground into powders for use in x-ray and neutron powder
diffraction experiments carried out at the high resolution beamlines of 11BM-B of the APS
and at POWGEN of the SNS. Temperature dependent patterns were collected at POWGEN
at temperatures between 10K and 300K on warming using a cyrostat and then between 300K
and 550K on cooling using a furnace. For more information on the experimental procedures
see Chapter 2.

3.2

Doping Dependence of Superconductivity

Figure 3.1 (a) shows magnetization measurements performed on single crystal samples
for a series of compositions Csx Fe2 − y Se2 (0.8 ≤ x ≤ 0.9, 0 ≤ y ≤ 0.55) which demonstrate
the typical single-step SC transitions of the measured samples. Crystals were grown using a
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complicated multi-step process which is described in Appendix A.1. Through this carefully
designed synthesis procedure, control over the amount of Cs and Fe was achieved. The series
of compositions indicated above allowed for a systematic study of the SC properties as a
function of Fe valence v. While for both the K and Rb iron selenides a SC ‘plateau’ is observed
where there is no variance in Tc among the SC compositions, the Cs-based samples discussed
here show Tc to strongly depend on the Fe valence, creating a SC dome for 1.55 ≤ v ≤ 2.29
[67, 68]. This SC ‘dome’ is plotted in Figure 3.1(b) and is seen to steeply rise at the onset v
of ∼ 1.5 showing a roughly inverse parabolic behavior with measured Tc ’s ranging between
9 and 30K. This sort of doping dependence of Tc is, surprisingly, more similar to the ironpnictide SC than seen for the other intercalated materials. Furthermore, in general it is more
consistent with the sort of behavior expected from magnetic fluctuation driven SC, where
SC should scale in some way with the strength of the magnetic fluctuations as opposed to
being discrete in nature. Such an observation indicates that there may yet be similarities
between these Fe chalcogenides and the Fe pnictides. However, why this is observed for only
the Cs system is not known. The synthesis procedure used here is significantly different than
those previously reported and it is possible that the samples reported here are closer to the
intended compositions, it would be valuable to return to the Rbx Fe2 − y Se2 and Kx Fe2 − y Se2
materials to look more closely at the composition dependence of the SC transition.
In the case of Kx Fe2 − y Se2 a systematic study was performed by Yan et al. in reference [68]
in order to produce a phase diagram determining the dependence of Ts , TN and Tc on v.
Though their study showed no significant change in Tc for all measured SC compositions,
with Tc = 31K±1, other independent reports focusing on single compositions of Kx Fe2 − y Se2
generally show wide broad SC transitions for these materials [72, 82, 83, 84]. While onset of
Tc is usually reported as ∼ 30K this number over simplifies the transition: the widths of the
reported transitions vary and in most cases never show the type of sharp transition indicative
of a high quality sample. As will be indicated later in this chapter, if the LT122 phase is
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Figure 3.1: (a) Magnetization data (normalized to -1 for clarity) showing the diamagnetic
response at the SC transition for a series of Csx Fe2 − y Se2 crystals. (b) Tc as a function
of Fe valence describing a SC dome (Fe valence was calculated using the crystals nominal
composition). (Inset) Image of a representative single crystal.

the SC phase then controlling its composition would be incredibly difficult as it would not
be present at the high temperatures used in the synthesis of the chalcogenides. Yet, if the
LT122 phase is the SC phase such a control is obviously vital to truly determining Tc ’s doping
dependence. If this is not achieved then a whole host of compositions should exist, where
different regions of a crystal might have different compositions of LT122 thus causing most
samples to show the entire breadth of SC transitions. This description is consistent with
many of the reported broad diamagnetic responses. As shown in Figure 3.1 (a), the samples
used in the present study have sharp well separated transitions indicating the confidence in
sample quality and in the reported Tc ’s and the possibility that a SC dome might yet be
seen in the Rb and K intercalated materials.
As previously mentioned, all samples were grown as crystals and pollycrystalline samples
were obtained by grinding batches of crystals into a fine powder. It is interesting to note that
upon grinding, SC crystals were found to lose their SC (featureless non-SC magnetization
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curves are not shown in Figure 3.1(a)). Later in this chapter this loss of SC will be attributed
to the integrity of the minority LT122 which forms with a specific morphology inside a matrix
of the majority phase.

3.3

Phase Separation

Figures 3.2(c-f) show high-resolution room temperature neutron and x-ray powder diffraction patterns (of a sample with nominal composition Cs0.9 Fe2 Se2 ). Indexed by lines are the
√
√
peaks of the majority 245 phase indexed using the 5 × 5 × 1 supercell. A series of small
unindexed peaks, indicated by arrows, are seen either just below in d -spacing ((c) and (e))
or just above ((d) and (f)). These peaks cannot be indexed by the main phase and belong
to the minority LT122 structure, in agreement with earlier reports of phase separation and
coexistence. The appearance of these peaks at similar positions to those of the main phase
indicate the related structures of the two phases, which will be discussed more thoroughly
later in this chapter. No trace of other by products is observed including the 234 phase
proposed by Li et al [85].
To determine the exact makeup and structure of the minority LT122 phase, Rietveld
refinements were performed examining all the previously reported structural models [72, 77,
86]. Additionally, due to the layered structure of these materials, the DiffaX modeling software was used to test the ability of stacking fault models to recreate the observed features
of the patterns. These models allowed for the Cs layers to be missed with varying probabilities creating small regions of essentially pure FeSe within the material. Of these models
refinements of the LT122 structure using the tetragonal I4/mmm symmetry resulted in the
lowest Rwp and χ2 values with no visual or statistical improvements to the fit obtained upon
the introduction of the proposed orthorhombic or monoclinic distortions within the limits
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Figure 3.2: (a) SEM images of a Cs0.9 Fe2 Se2 single crystal taken perpendicular to the ab
plane showing the well formed crystal faces. (b) A magnification of the image shown in (a)
where the presence of the LT122 phase is visible as needle-like structures embedded in a host
matrix of the 245 phase. High resolution x-ray (c-d) and neutron (e-f) powder diffraction
patterns. The main phase 245 peaks are marked by lines drawn beneath the pattern. Next
to the main phase peaks are visible a series of unindexed peaks belonging to the LT122 phase
(indicated by arrows).
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of signal to background and Q resolution of this data. Also, no stacking fault model was
able to recreate all observed reflections. This is an important observation. FeSe is a known
SC whose Tc is sensitive to pressure. It is possible that the SC transition measured in these
materials is due to the presence of contiguous FeSe impurities which encapsulated large volumes of the 245 matrix. The lack of any explicit FeSe impurity in the diffraction patterns
as well as this observation, dismissing the presence of strained FeSe due to stacking faults,
severely limits the likelihood of this description and strengthens the certainty in the model
which will be suggested here. As will be described later, despite the success of the I4/mmm
symmetry in the powder patterns, the LT122 phase is distinct from the high-temperature
paramagnetic I4/mmm HT122 structure.
Figure 3.2(d) and (f) shows the LT122 phase peaks as relatively broad and asymmetric, a
observation consistent for all measured samples and temperatures. There are several possible
explainations for this feature: the microscopic domain sizes of the LT122 phase, strains
associated with the phase separation or other similar factors commonly seen in the ironselenides. Scanning electron microscope (SEM) backscattering measurements (Figure 3.2 (a)
and (b)) show the LT122 phase morphology as small needle like domains oriented in either
the a or b directions of the crystal with approximate dimensions of ∼ 10 × 0.1µm embedded
in a host matrix of the majority 245 phase. When ground into powders, such microscopic
fragments could explain the observed broadening of the LT122 phase peaks through the
well know effect of Scherrer broadening [87]. It is also possible that the peak broadening
could be related to chemical inhomogeneity between the seperate LT122 domains. Energydispersive x-ray (EDX) measurements for several Csx Fe2 − y Se2 crystals have suggested such
chemical inhomogeneity, though surprisingly it was not seen in the related Kx Fe2 − y Se2
systems [76, 88]. However, it will be shown later that the stoichiometry of the LT122 phase
in the samples measured in this study is relatively robust and so this latter alternative seems
unlikely.
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As briefly discussed, the presence of this minority phase revives the possibility of there
being strong similarities between SC in the iron-selendies and iron-pnictides. If this phase is
the host of SC, the presence of a smoothly evolving SC dome once again invokes the phase
behavior common to the other FBS. Furthermore, though later discussions will show the
structure to be slightly different, the approximate I4/mmm structure of the LT122 phase is
similar to that of the iron-pnictide 122’s further strengthening the similarities between these
two materials and in contrast to more divergent distorted structures which other reports
have suggested [77].

3.4

Structural Behavior of Phases and Vacancy Ordering

Table 3.1 displays select room temperature structural parameters determined from Rietveld refinements performed using XPD, NPD and neutron single-crystal diffraction (collected on POWGEN, 11BM-B and HB-3A respectively). Similar values for the occupancies
and lattice parameters of both phases were found from the various measurement techniques,
indicating both a high-confidence in the reported properties and the high-reproducability of
the utilized synthesis procedures. Particularly noteworthy, is the determined occupancy of
the ‘vacant’ Fe site at the 4d Wyckoff position of the 245 phase which consistently exhibits
a small but non-zero value. This deviation from the 245 stoichiometry was seen in all measured samples and is a departure from the relative rigidity of this phase’s stoichiometry in
the K intercalated system. The LT122 phase shows similar occupancies for all samples with,
notably, a fully occupied Fe site and a Cs site with a concentration of approximately 25%
vacancies. Later in this chapter the presence of additional ordering of these Cs vacancies
will be discussed.
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Table 3.1: Lattice parameters, phase fractions and occupancies of the LT122 and 245 phases
for select samples. Values were obtained from Rietveld refinements performed using XPD,
NPD and neutron single crystal diffraction data. Samples with summed phase fractions of
less than 100% are due to the presence of an impurity Fe phase.
245 phase I4/m
Sample
Cs0.8 Fe1.7 Se2

wRp

7.09% a = 8.8494(1)

11BM-B (300K)
Cs0.9 Fe2 Se2

HB-3A (30K)

Fe (16i)

LT122 phase I4/mmm

Cs (2a)

Cs (8h)

Fe (4d )

0.742(6)

0.787(2) 0.933(3) 0.064(9)

Mz (µB /Fe)

Phase fraction

Lattice (Å)

Cs (2a)

Fe (4d )

Phase fraction

72.22(7)%

a = 3.8503(1)

0.745(4)

0.999(3)

27.78(9)%

0.73(7)

0.96(3)

6.6(3)%

c = 15.2987(3)

c = 15.6468(5)

5.30% a = 8.85734(7) 0.95(3)

POWGEN (300K)
Cs0.8 Fe1.7 Se2

Lattice (Å)

0.89(8)

0.983(2) 0.157(8) 2.53(3)

c = 15.2495(2)
15%

a = 8.83

93.3(5)%

a = 3.8501(3)
c = 15.2495(2)

0.944(1) 0.744(5) 1

0.04(1)

3.372(7)

c = 15.199

Shown in Figure 3.3(a) is the temperature dependence of the nuclear 002 peak (as indexed in the high-temperature I4/mmm structure). On cooling, the peak exhibits a sudden
shift to higher d -spacing at 530K. This discontinuous negative thermal expansion of the
c-axis is indicative of a first-order phase transition and is more clearly seen in the refined
lattice parameters plotted in Figure 3.4(a) and (b) and in the anisotropy ratio c/a in panel
(d) thus degining the structural transition as Ts = 530K. At this temperature the Fe vacancies order forming the 245 structure with I4/m space group symmetry. At the transition
temperature, the c/a ratio undergoes a sudden increase as the a- and c-axes contract and
expand respectively. This behavior has a compensatory effect as evidenced by the nearly
linear temperature dependence of the lattice volume (V ) around Ts (Figure 3.1(c)) where
only a slight change in slope is observed. Such an anomaly in V is commonly associated with
a first-order phase transition and has been commonly reported in the Fe-pnictide family of
122 superconductors [28, 89].
The opposite relative change in the basal plane and the perpendicular c-axis can be
attributed to the migration of Fe vacancies from the Fe-rich HT122 single phase to the
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Figure 3.3: (a) Diffractogram showing the temperature dependence of the 002 nuclear peak
(indexed using the HT122 I4/mmm tetragonal structure) with Ts and TN indicated. (b) a
re-scaled plot of (a) showing the entrance of the LT122 phase’s 002 peak just beyond the
245 phase’s 002 peak

vacancy rich 245 structure. The accumulation of vacancies causes the FeSe4 tetrahedra of
the 245 phase to contract in the in-plane direction and expand in the out-of-plane direction
by effectively contracting the Fe-Fe bond length as seen in Figure 3.5(a). Due to the relative
rigidity of the Fe-Se bond length, this contraction forces the Se atom further away from the
Fe sub-lattice by about 0.1 Å (Figure 3.5(b)). This subsequently causes an expansion of the
Fe2 Se2 layer width (Figure 3.5(a)) thus resulting in the dilation observed at Ts in the c-axis.
Though the formation of the LT122 phase is believed to coincide with Ts , in the NPD data
it only becomes visible 490 K - after the structural transition has occurred (Figure 3.3(b)).
It is likely that the relatively small volume fraction of the LT122 phase (5% in the sample
used with NPD), its sub-microscopic domain size and the inherently low signal-to-noise ratio
achieved in the high-temperature furnace runs obscure the detection of the phase as it forms
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values, the a lattice parameter of the HT122 and
√
LT122 phases has been scaled by 5 to allow direct visual comparison to the 245 phase.
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and of the average in layer Se-Se distance (black symbols and right axis) of the 245 phase.
(b) T dependence of the average Se position (zSe ) for all the HT122 (black), 245(green) and
LT122 (purple) dashed lines as guides to the eye.

throughout the 530-490K temperature range. For temperatures below 490K refinements
including the LT122 phase could be performed and the extracted a and c lattice parameters
are shown in Figure 3.4(a) and (b) respectively. Notable, is the considerable deviation from
the HT122 phase’s lattice parameters of more than -3% and +3% for the a- and c-axes
indicating that the LT122 phase is a distinct phase and not a continuation of the high
temperature structure. Indeed, as evidenced by the lattice parameters, the HT122 phase
more continuously evolves into the 245 phase as the Fe vacancies order while the LT122
phase nucleates out as a new phase with the accumulation of cation rich regions in the
sample.
While several previous reports on single crystals of Ax Fe2 − y Se2 have shown a LT122
phase with its c-axis aligned with the (110) direction of the 245 matrix, measurements on
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dozens of single crystals performed for this study have consistently shown the c-axes of the
LT122 phase and the 245 phase to be co-linear (Figure 3.6) [88]. This scenario is more
consistent with the co-formation of the two phases out of a single high temperature phase,
however, at first glance it seems inconsistent with the observed behavior of the LT122 phase’s
unit cell. By considering the migration of vacancies at Ts this discrepancy is overcome. As
the 245 phase is resultant of a stoichiometry generally consisting of more Fe vacancies than
the HT122 phase, the excess cations are expected to form Fe rich regions as the vacancies
order which describe the LT122 phase. As confirmed by the refined occupancies reported
in Table 3.1 and as suggested by previous studies the LT122 phase has a fully occupied Fe
site [90, 91, 92]. However, in contrast to these reports which described the Cs occupancies
as varying wildly from sample to sample, the LT122 phase in samples measured as part of
this study consistently exhibited 75% occupancy. This fractional amount of Cs vacancies is
quite interesting as it suggests a preferred stoichiometry to the LT122 phase and begets the
possibility of cationic vacancy ordering in the LT122 phase. While no extra reflections were
visible in the powder diffraction patterns that corroborate such ordering, they are clearly
present in the single crystal x-ray diffraction data, as will be described later in this chapter.
The behavior of the LT122 phase’s a and c lattice parameters can therefore be understood
through its substantially different chemical composition relative to the HT122 phase which
would be expected to significantly affect the internal bonding of the phase. Figure 3.5(b)
shows that the Se ions of the LT122 phase are ∼ 0.2 Å higher above or below the Fe planes
than in the HT122 phase demonstrating this effect. Furthermore, the higher concentration
of Fe in tandem with the lower concentration of Cs leads a reduction in the valence electron
count of the Fe atoms. This should be expected to then cause a contraction along the Fe-Fe
bond length relative to the HT122 stoichiometry - a behavior commonly observed in the ironpnictide SC where upon hole-doping the Fe-Fe bond length contracts [28, 89]. This is directly
evidenced by the sudden and significant contraction of the a lattice parameter between
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Figure 3.6: (a) (110) cut of reciprocal space showing the doubling of the 00l reflections at
300K indicating the co-alignment of the LT122 and 245 phases’ c-axes. The weaker seemingly
incommensurate reflections belong to the LT122 phase. (b) Integrated line cut along the 00l
direction. The LT122 phase and 245 phase peaks are denoted by dotted blue and solid yellow
lines, respectively. The LT122 peaks can be seen diverging at higher relative lattice units
(r.l.u.) due to its slightly larger c lattice parameter. All indexing is done using the 245 unit
cell.
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the HT122 and LT122 phases (due to the special positions of the Fe site in the I4/mmm
symmetry the a-axis is proportional to the Fe-Fe bond length). As will be discussed more
thoroughly in the next chapter, the reduction in the valence of Fe causes a reduction of the
anti-bonding condition between neighboring Fe sites and thus a contraction along the Fe-Fe
direction. While the measurements performed here do not allow for its quantification, strains
associated with the formation of LT122 needles between large blocks of host 245 matrix (see
Figure 3.2(b)) could also contribute to the elongation of the c axis (perpendicular to the
needles) and the contraction of the a axis. Later in this work, it will be speculated that
this specific configuration of the two phases and the particular strains likely imposed on the
LT122 phase might hint at the tuning parameter controlling Tc in these materials.
It is interesting to note the qualitative similarity in the lattice behavior of both the 245
and LT122 phases at the structural transition. Though both exhibit a contraction along
a and an elongation along c the mechanisms driving these changes from the HT122 phase
have opposite effects on the electronic environment of the Fe site. In the case of the LT122
phase the contraction along a is likely caused by the Fe rich Cs deficient stoichiometry’s
electron count effect, which is to reduce the valence of Fe and consequently strengthen the
Fe-Fe bonding. Whereas, in the case of the 245, the phase becomes Cs rich and Fe deficient
(relative to the HT122) which causes the valence of Fe to be increased. Considering the
above discussion it might be expected that the a lattice would therefore expand and the c
would shrink as the Se moves closer to the Fe-Fe plane. This, however, does not occur as it is
apparently overwhelmed by the physical vacancies on the Fe site which cause a contraction
along the a direction in-spite of Fe’s raised valence.
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3.5

Magnetism and Superconductivity in the Majority and
Minority Phases

Of the SC Ax Fe2 − y Se2 (A = Na, K, Rb, or Cs) series of compounds, Csx Fe2 − y Se2 exhibits
the lowest Néel temperature (490 K). In these materials a clear relationship between TN and
the A-site ionic radius (rA ), is exhibited with TN (595, 560, 500, and 490 K) decreasing as rA
increases (for Na, K, Rb, and Cs) [73, 79, 93]. This can be understood through the role the
intercalating ion plays in the structure of these materials. As the ionic radius is increased a
significant expansion of the c axis is affected (∼ 13.25, 14.0, 14.6 Å, and 15.3Å, for Na, K,
Rb and Cs, respectively) [74, 79, 94]. Therefore, the larger Cs cations push the FeSe layers
farther apart than in the K, Rb, or Na compounds, effectively weakening the inter-layer
AFM interactions and reducing the resultant AFM transition temperatures.
Refinements checking the usually reported block-AFM checkerboard magnetic structure
of the 245 phase with the magnetic space group I4/m0 were performed using the POWGEN
and HB-3A data [79, 95]. As shown in Table 3.1 the magnetic moments obtained for fits
performed with the 10K POWGEN and HB-3A data were 3.23(6)µB /F e and 3.37(7)µB /F e
respectively, in good agreement with previous reports of 3.4µB /F e for the pure 245 Cs compound [73]. Refinements performed for all temperatures measured in the PND experiments
allowed for the temperature dependence of the magnetic moment to be determined and fit to
the power law M (T ) ∝ (TN − T )β /TN with critical exponent (β) and Néel temperature (TN )
fit as 0.30(2) and 490(6) K, respectively. The justification for this power-law relationship
and consequently the meaning of the fit parameters will be provided in Chapter 5 where the
specifics of these fits will be significant, here the fit will be used based on the empirical observation that it fits that data well keeping in mind the significance of the critical exponent as a
measure of dimensionality. This relatively large value of β indicates strong three-dimensional
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magnetic correlations in this material, despite the larger Cs ionic size and the elongated caxis driving the magnetic layers apart. As will be seen, this value is in stark contrast to the
As-based SC for which lower β values have been consistently obtained. These lower β’s are
indicative of magnetoelastic coupling and a roughly 2D magnetism, neither of which is the
case here in the 245 structure which has a 3D magnetic ordering an well separated Ts and
TN [89, 96].
As discussed in the introduction to this chapter, determining which phase is the SC phase
is of vital importance. Should it be the 245 phase then these Fe chalcogenides are almost
certainly born of different mechanics than other UNSC due primarily to the presence of a
huge ordered magnetic moment in a SC state - magnetic fluctuations would almost certainly
not be responsible for Cooper pairs in this scenario. However, if SC is born of the LT122
phase then it greatly increases the urgency with which the features of this phase must be
determined in order to establish whether it might behave more similarly to the other FBS. It
is well established in the Fe arsenide 122 system that magnetism is strongly suppressed at the
establishment of the SC state due to the strong competition between the two phenomena for
the same electrons [97]. This then provides a method to test indirectly for SC in the magnetic
245 phase. A decrease in the ordered moment due to competition with SC below Tc should
lead to a corresponding decrease in the intensity of magnetic reflections below Tc should the
245 phase be SC, this decrease should be significant and easily seen in the neutron diffraction
experiments reported here. Figure 3.7(b) shows the integrated intensity of the magnetic
011 reflection belonging to the 245 phase as a function of temperature. Surprisingly, the
intensity plot is constant within the experimental error bars for all measured temperatures
- even through the SC transition at ∼ 30K. This clearly demonstrates that the magnetic
245 phase is decoupled from the measured SC in the crystal. Similarly, the temperature
dependent intensity of the nuclear 620 reflection showed no response at the onset of SC
(data not shown). Together these two measurements strongly indicate that neither the
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lattice nor the magnetic ordering of the 245 phase responds to the establishment of SC. It
is, therefore, highly probable that SC in these crystals correlates with the minority LT122
phase as opposed to the 245 phase. This suggestion is also in agreement with the observation
made above that ground SC crystals lose their SC due to the destruction of the network of
LT122 needles.
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Figure 3.7: (a) T dependence of the magnetic 011 peak shown across the SC transition
(Tc ∼ 28K); inset shows an ω scan through the 001 peak (number of counts has been scaled
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description).

Unfortunately, a similar measurement looking for a response of the LT122 phase to Tc
could not be performed. A small 5% volume fraction of the LT122 phase in the measured
crystal made the direct measurement of its magnetic properties with neutron diffraction
impractical. More generally, it has not been settled whether this phase is magnetic or
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not. However, it has been suggested in computational work, that the 122 structure in the
Ax Fe2 − y Se2 materials should be magnetic and that any such magnetic ground state would
be strongly dependent on the height of the Se site above the Fe sublattice [98]. Therefore,
the Se position can be used as an indirect indicator of the possible magnetic structure
of the LT122 phase. The temperature dependence of the LT122 phase’s Se site position
(zSe ) is shown in Figure 3.5(b). In order to determine zSe (T = 0) a polynomial fit to the
temperature dependence was used and the zero temperature postion value was determined
to be zSe (T = 0) = 1.58(4) Å. Comparing this value to the calculated values reported in
Reference [98] the LT122 phase would be expected to exhibit a ferromagnetic (FM) ordering
(predicted value of zSe = 1.586 Å). However, no such FM signal has been seen in the
samples reported on here nor in any previous study found in the literature. It is likely that
this disagreement between the predictions of Reference [98] and the properties reported here
are due to the significant departure of the LT122 phase’s stoichiometry from the ideal 122.
The 25% Cs vacancies and their ordering which are reported here were not considered in
the computational work presented in Reference [98]. Therefore, it is inescapable that the
magnetic ground state would be dependent on the valence of Fe which is severely reduced
in a 122 structure with A site vacancies. Nonetheless, this work and its agreement with
the results presented here suggest the possibility of an AFM ground state for the SC LT122
phase. If proven, this would tie together SC in these materials to SC in the other FBS and
the wider family of UNSC. Further studies should focus on determination of the ground state
of the LT122 phase.
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3.6

Cesium Vacancy Ordering

In all previous sections of this chapter the LT122 phase has been treated as having
I4/mmm space group symmetry. This symmetry was used after finding it to properly
account for all extra peaks, not included in the 245 structure, and their intensities as seen
in neutron and x-ray powder diffraction experiments (see Section 3.3). However, the careful
determination of this phase’s structure is vitally important to understanding its relation to
the iron-pnictide 122 as well as how SC arises. Therefore, studies were performed on a series
of crystals using a x-ray single crystal diffractometer in order to look for extra reflections of
small intensity which might be missed in powder experiments.
While the neutron single-crystal diffraction data confirm the 245 superstructure peaks
seen in the NPD and XPD data (see Figure 3.8(a)), the wide coverage of HKL space afforded
by the area detector utilized in the x-ray single crystal diffraction measurements revealed the
presence of new, albeit faint, reflections (< 2% of the highest of observed intensity) which
violate the body centered I4/mmm and I4/m space group symmetries. Nonetheless, the
weakness of these reflections would not allow for their detection above background levels in
the NPD and XPD data sets and so the average I4/mmm and I4/m structures are still
suitable for use in the previously reported refinements.
Figure 3.8 (a), (b) and (c) shows the presence of reflections with indicies

11
0,
22

010 and

(hhl ; with h = 0, 1 and l = odd integers) (indexed in the tetragonal a × a × c unit cell of
the parent structure) all of which are forbidden in the body-centered symmetries reported
above. Recently, Reference [90] used ab initio calculations to suggest two-dimensional Cs
vacancy ordering in Cs0.8 Fe1.6 Se2 in order to model the often reported diffuse scattering
streaks seen along the l direction with a hk index of

11
22

in these materials [74, 77, 78,

90]. The authors demonstrated that modeling the LT122 phase with intralayer Cs vacancy
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ordering absent of interlayer correlations could reproduce their observed diffuse scattering
intensity rods. Similar models of A site vacancy ordering in the LT122 phase have also
been proposed in other studies but without further details [77]. The presence of sharp
Bragg peaks seen for all reflections in the samples reported here will allow for a P 4/mmm
√
√
superstructure with a 2a × 2a × c unit cell to be suggested and used for x-ray single
crystal diffraction simulations. This primitive lattice centering allows for the observed l odd
reflections, however, the lowered symmetry (relative to the parent I4/mmm space group)
breaks previously degenerate Cs site positions (at Wyckoff 2a position) into three distinct
sites with Cs1 at 1a (000), Cs2 at 1c ( 12 12 0), and Cs3 at 2e (0 12 21 ). By splitting the Cs site
the P 4/mmm symmetry naturally allows for possible vacancy ordering between the different
sites.
Unfortunately, the consistent presence of two twinned 245 domains seen in all measured
samples compounded by the similar symmetries and unit cells of the 245 and LT122 phases
significantly complicated the unambiguous indexing of the crystal diffraction data. Therefore, in order to attribute the observed new reflection, the substantial difference in the c-axes
of the two phases was utilized and as shown in Figure 3.6(a) and (b) nearly degenerate reflections can be reliably differentiated between for high l values and the respective lattice
parameters for each phase can be estimated. In this manner it was determined that the

11
l
22

and 100(010) reflections could only be indexed by the extended c-axis of the LT122 phase
while the 00l (with l = odd integers) peaks where found commensurate with the 245 phase’s
lattice.
In order to allow for a qualitative comparison of different possible Cs vacancy ordering
models with the x-ray diffraction data a group theoretical analysis was preformed using
ISODISTORT and the resultant structural models where input into the single crystal simulation software SINGLECRYSTAL-CRYSTAlMAKER[99, 100]. It should be noted that the
small (< 5%) volume fraction of the LT122 phase in the sample used for the neutron single-
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Figure 3.8: (a) (001) plane of reciprocal space showing superlattice reflections indicative of
Fe vacancy ordering in the 245 structure (black arrows) as well as reflections forbidden by
the body centered symmetries at 12 21 0 and 010 (red arrows). (b) (110) plane revealing the
presence of forbidden reflections at (hhl; with l odd) indicated by red circles and a series
of 12 12 l reflections (visible between the dotted red lines). These latter can be seen to have
fractional l components incommensurate with the 00l reflections of the 245 phase. (c) and
(d) show comparisons of the observed and modeled patterns in the two orientations; all
peaks are found to be reproduced through the superposition of two 245 twin domains along
with the superstructure proposed for the LT122 phase (see text). All images are of the same
crystal; the superlattice reflections which are visible in (b) and not (b) are not clearly seen
in the latter’s expanded intensity scale.
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crystal diffraction experiment prevented the extra reflections seen in the x-ray patterns from
being observed.
While the the full spectrum of possible structural distortions was explored using ISODISTORT including the strain, displacive and occupational order parameters, only Cs vacancy
ordering was found to accurately reproduce the observed diffraction patterns in the case of
both phases. Thus the P 4/mmm subgroup of the I4/mmm space group with basis vectors
(1,1,0)(-1,1,0)(0,0,1) was found to best account for the observed

11
l
22

and 100(010) reflections

and their weak intensity. In this symmetry, two Cs ordering order parameters are needed,
the X( 12 12 0) and the M (111) describing the superposition of the corresponding X 1+ and M 1+
irreps and the rotation of the parent structure’s unit cell by 45◦ . This leads to the formation
√ √
of a 2× 2×1 superstructure with Cs occupational ordering along the P 1(a, a, b) direction
with the Cs2 site fully vacant and the Cs1 and Cs3 sites fully occupied. This model corresponds to exactly a 25% vacancy of the total Cs stoichiometry and fully occupied Fe and
Se sites in excellent agreement with the refined occupancies for the LT122 phase reported in
Table 3.1.
This model is shown in Figure 3.9. Cs vacancies are found in alternating layers with the
z = 0, 1 layers having vacancies while the z = 0.5 layer is fully occupied. In the z = 0, 1 layers,
each Cs vacancy is surrounded by four occupied Cs sites leading to an alternating vacant
full pattern along both the a and b directions. Unlike the model proposed in Reference [90]
which reported only two dimensional vacancy ordering, here a full three dimensional model is
proposed which, as shown in Figure 3.8, is in excellent qualitative agreement with the x-ray
single crystal data. The fact that the previously observed diffuse intensity rods resolve into
distinct

11
l
22

reflections in the crystals studied here (as opposed to those in References [77, 90])

indicates the high quality of the samples used in this study. It is possible that different
growth techniques and handling conditions might lead to the formations of different Cs
vacancy ordering structures consistent with those reported in previous studies.
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Figure 3.9: 2× 2×1 Cs vacancy-ordered model proposed in text, with occupied Cs, vacant
Cs, Fe and Se sites indicated by blue, crosshatched gray, solid gray and magenta spheres,
respectively. Seen in middle and right panels are views along the crystallographic c axis of
an extended lattice. Superimposed are vectors showing the relative size and orientation of
the a and b lattice parameters
√ the unit cells of the: HT122 phase (black), LT122 phase
√ for
(purple) and the standard 5 × 5 × 1 supercell of the 245 phase (red).

By performing a similar analysis on the 245 structure it was found that a simple reduction of the body-centered I4/m to the primitive P 4/m subgroup in the absence of any
supercell was sufficient to account for the observed 00l (with l = odd integers) reflections.
In the primitive space group the two Cs sites of the body-centered symmetry become four
independent sites with Wyckoff positions: 1a (000), 1d ( 12 12 12 ), 4j (0.4 0.8 0), and 4k (0.9 0.3
1
).
2

In this case, the 1d site was determined to be fully vacant while the 4k site exhibited

a partial occupancy of 75%. Meanwhile the 1a and 4j sites became fully occupied. Thus,
the total Cs stoichiometry becomes 0.8 in agreement both with the refined occupancy and
the 245 stoichiometry. Shown in Figure 3.8(c) and (d) are the simulated single crystal x-ray
diffraction patterns created using two twined 245 phase domains with the P 4/m symmetry
√
√
and a single domain of the LT122 phase with the described 2 × 2 × 1 Cs vacancy ordered superstructure juxtaposed next to the corresponding hkl planes reconstructed from
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the experimental data. As seen with the adoption of these superstructures, the simulated
and observed patterns are in excellent qualitative agreement.
Due to the realization of a phase separated stated with microscopic domains of Cspoor, Fe-rich stoichiometry within a matrix of Cs-rich, Fe-poor stoichiometry it is possible
to speculate that phases other than the identified 245 and LT122 phases might be found.
While the possibility of stacking fault born ‘phases’ was discussed and eliminated earlier in
this chapter, it is reasonable to suggest the formation of either independent stable phases
or phases stabilized as a sort of ‘in-between’ at the interface of the 245 and LT122 phases.
Such possibilities could explain the significant intensity filling between the 002 reflections
of the 245 and LT122 phases observed in the NPD and XPD patterns discussed earlier
(Figure 3.2 (d) and (f)). These powder samples were obtained upon grinding larger SC
single crystal materials, and, as noted early, no measurable SC singal was found in the
prepared powders. Therefore, it is speculated that microscopic minority phases which are
stabilized while embedded in the host matrix as thin domains are broken into even smaller
pieces upon grinding. One possibile explanation for the observed loss of SC could be that
upon grinding into small grains the stresses exerted upon the LT122 phase by the 245 matrix
are lessened allowing the structure to relax and thus changing the electronic environment
which supported SC. In the iron-pnictides, it has long been suggested that subtleties of
the structure and bonding angles of the Fe2 As2 layers might play a role in establishing SC
[89, 101]. It would, therefore, not be surprising if the particular structure of the LT122 phase
uniquely stabilized by an extended matrix of 245 could host SC while the relaxed structure
would not. This is further supported by the establishment of SC in many of the FBS out of
non-SC parent compounds simply through the application of pressure.
Both of these possible explanations for the loss of SC upon grinding in tandem with
the lack of response of the 245 phase’s magnetic order or structure strongly supports the
LT122 as the candidate phase for SC. This conclusion is further supported by the confirmed
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growth of non-SC single crystals in this study, as well as in others [68], in which the minority
phase represents no more than an estimated 1% - 2% of the total volume. Alternately, it
is possible that crystals should remain SC when ground if the minority phase fractional
amount is beyond the percolation limit of perhaps 40% or more. However, such a sample
may be better described as biphasic and, moreover, should SC result form strains placed
on the LT122 structure by the 245 matrix then such a sample may not exhibit SC even in
crystalline form.

3.7

Iron-Selenides and the Mechanism of Superconductivity

The Ax Fe2 − y Se2 family (as well as the wider iron-selenide family) is rich with features
which may belay interesting underlying physics. However, it is this very non-intuitive and
complicated nature which complicates their use in the study of basic phenomenon such
as the mechanism of SC. Difficulties in synthesizing large, homogeneous and high-quality
samples are further confounded by the presence of the minority phase whose composition
and concentration have eluded control at present. This problem in and of itself is unusual,
straddling the intersection of synthesis and physics, where the property of the material which
needs to be measured is directly complicating its synthesis. Furthermore, oddities such as
the loss of SC in pollycrystalline samples and the seemingly myriad structures observed in
the LT122 phase demonstrate that before Csx Fe2 − y Se2 and related systems can be helpful
in the study of UNSC, first many non-trivial materials science related problems must be
rectified. Particularly, if SC exists only in the minority phase (as suggested in the preceding
chapter) then unless control can be gained over its formation, work on this material might
forever remain plagued by the inability to study the SC phase in a consistent way.
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Therefore, it is useful to look to the other FBS for another system which, similarly,
exhibits the coexistence of SC and magnetism while also allowing for a more direct route to
studying the competition of these two orderings. The AFe2 As2 family of the iron-pnictide
SC provides just such a system which, as described in Section 1.2.3, are not only relatively
easy to synthesize but which also show a robust SC achievable through numerous different
perturbations to the parent compound. This flexibility manifests as SC arising from the
parent compound (AFe2 As2 with A = Ca, Sr and Ba) upon applied pressure, hole-doping,
electron-doping or isovalent doping. In addition, by studying these related materials it
may be possible to find analogues which might help elucidate the behavior of the LT122
phase of iron-selenide system (many of which comparisons to the iron-pnictide systems have
already been discussed throughout this chapter). The next two chapters will focus on two of
these doping regimes: isovalently doped BaFe2 (As1 − x Px )2 and hole doped Sr1 − x Nax Fe2 As2
with the following chapter focusing on comparing the two regimes to establish the universal
features of the BaFe2 As2 system.

CHAPTER 4
STRUCTURE, MAGNETISM AND MAGNETO-ELASTIC
COUPLING IN THE IRON-PNICTIDE SUPERCONDUCTORS

Considering the difficulties encountered in studying the Csx Fe2 − y Se2 system, it is not
surprising that, although discovered at nearly the same time, the iron-pnictide SC have
been studied more thoroughly and, perhaps, more fruitfully than the iron-chalcogenides.
While debates are ongoing over relatively basic features of the iron-selenides, such as the
structure of the LT122 phase, study of the iron-pnictides has led to the discovery of many
universal features across the different sub-families. In particular, the 122 member allows for
the growth of high quality samples from the numerous SC doping regimes. This, in turn,
allows for the useful comparison of different effects such as; hole, electron, isovalent doping;
internal/external pressure; and combinations thereof which are all accessible. Elucidating
how these parameters work, through different mechanisms, to achieve similar results (namely
the suppression of AFM ordering and stabilization of SC) would afford an indispensable
insight into the mechanics of UNSC in at least these FBS.
All of the parent compounds of the 122 iron-pnictide SC (AFe2 As2 with A = Ca, Sr and
Ba) qualitatively show the same phase evolution as a function of temperature. At room
temperature, these materials exhibit the common ThCr2 Si2 structure with the tetragonal
I4/mmm space group symmetry (Figure 4.1(a)). At 140K [102], 205K [103] and 165K [104]
(for A = Ba, Sr and Ca respectively) the parent compound undergoes a structural transition
(at Ts ) where the tetragonal symmetry is lost and the material becomes orthorhombic with
a β-SrRh2 As2 like structure and Fmmm space group symmetry (Figure 4.1(b)).
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Figure 4.1: (a) Unit cell of I4/mmm ThCr2 Si2 structure (b) Unit cell of low-temperature
orthorhombic Fmmm β-SrRh2 As2 structure (c) Extended ab plane with unit √
cell vectors
of
√
the tetragonal and orthorhombic cells indicated. The orthorhombic cell has a 2a × 2a × c
superstructure where: a0 = a − b; b0 = a + b and c0 = c. Green, blue and dark gray spheres
represent Ba, As, and Fe respectively

This structural transition represents a reduction in the lattice symmetry, which leaves
the c-axis untouched and so is best understood through the behavior of the basal plane.
At Ts the 90◦ angle between the tetragonal a and b axes (γ) breaks and becomes < 90◦
as the unit cell contracts along one diagonal and dilates along the other. Once this has
√
√
occurred, the unit cell can be redefined by a 2 × 2 × 1 supercell, with the new lattice
parameters a0 = a − b, b0 = a + b and c0 = c as shown in Figure 4.1(c). In the new unit
cell, the orthogonality of a and b is recovered at the expense of their equivalence (i.e.a0 6= b0
where a0 > b0 ). This behavior is shown graphically in Figure 4.2 where representative Fe
sub-lattices are shown for the tetragonal and orhtorhombic symmetries (panels (a) and (b)
respectively). In both of these sub-lattices the square blue represents the standard 1× 1 unit
cell. In (a) the basal plane of the unit cell is square as expected for the tetragonal symmetry.
However, below Ts the structure shown in (b) is realized and, as seen, this lattice definition
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leads to a monoclinic unit cell. By redefining of the lattice as a

√

2×

√
2 superstructure

(shown by red rectangle in (b)) orthogonal lattice vectors are once again achieved leading to
the orthorhombic F mmm symmetry with a0 6= b0 .

I4/mmm

(a)

(b)

Fmmm

a'

a

γ

γ'

b'

γ

b

γ = 90o
a=b

γ ≠ 90o
γ' = 90o
a≠b

Figure 4.2: Fe sub-lattice showing the orthogonal a and b lattice parameters of the I4/mmm
space group symmetry unit cell (a). At the transition to Fmmm the angle (γ) between the
◦
primitive lattice vectors
in red is the redefined
√ blue) is seen to diverge from 90 (b)
√ (in
0
lattice cell with the 2 × 2 superstructure. In the new cell γ = 90◦ and a0 6= b0 . The
orthorhombic distortion in (b) has been exaggerated.

One of the defining characteristics of the FBS are the Fe2 A2 (with A = As, P, Te or Se)
layers, which are common to all constituent members and are believed to be the hosts of
SC. It is, therefore, important to understand how these layers behave in the study of SC in
these materials. Figure 4.3 shows a single Fe2 As2 layer of the 122 structure for reference. In
the I4/mmm symmetry, the foundation of these layers is the square planar Fe-Fe sub-lattice
shown in Figure 4.2(a). Centered in each square of Fe sites above and below the plane are As
atoms which tetrahedrally coordinate each Fe site creating a FeAs4 tetrahedron with two As
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atoms above and two As atoms below the Fe-Fe plane. The six tetrahedral As-Fe-As angles
are reduced by symmetry to two unique angles which are defined as α1 and α2 . Similarly, all
Fe-As, and Fe-Fe bonds are equivalent and may be described by a single bond length each:
Fe-As and Fe-Fe. At the structural transition, the lower orthorhombic symmetry breaks this
high symmetry state of the tetrahedron and α2 becomes two unique angles denoted as α20
and α200 as shown in Figure 4.3. The bond lengths are also affected by the lower symmetry:
the placement of the Fe atoms on special sites within the F mmm space group cause the
Fe-Fe bonds to diverge into two distinct bond lengths - analogous to the a and b lattice
parameters - while the Fe-As bonds remain equivalent.

α1
α2'
α2"
Figure 4.3: Single Fe2 As2 layer of orthorhombic unit cell. The three unique angles are
denoted as α1 , α20 and α200 . In the tetragonal phase α20 and α200 become degenerate and are
designated as a single angle α2 .

These materials, generally, also undergo a magnetic transition (characterized by TN )at
temperatures similar to Ts whereupon the Fe-sublattice takes on a C-type AFM ordering
[102]. In this ordering, magnetic moments form on the Fe sites directed along the crystallographic a-axis. These moments order ferromagnetically along the shorter b-axis and
antiferromagnetically along the longer a- and c-axes (of the orthorhombic cell). This ar-
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rangement produces the AFM-stripe structure shown in Figure 4.4 with the magnetic space
group Fc mm0 m0 [89].
In the 122 FBS the magnetic and structural transitions occur either simultaneously or
the magnetic transition is slightly preceded by the structural transition. As will be discussed
later in this chapter, the simultaneity (or near simultaneity) of these is due to the strong
magneto-elastic coupling which is generally found in these materials [101, 28]. The behavior
of the nuclear lattice and the specific ordering of the magnetic phase work in concert; at
the simultaneous transition the b-axis shortens as the Fe moments ferromagnetically couple
along this direction while the Fe moments align AFM along the elongated a-and c-axes. This
coupling of the structure and the magnetic ordering begets the question of whether it is the
structural distortion which allows the Fe site moments to order or whether ordering of the
magnetic moments drive the structural distortion [105, 106, 107, 108]. Elucidating which of
these behaviors is actually driving the phase evolution of these materials has been the source
of intense debate within the field. As will be seen in Section 4.2, this magneto-elastic coupling
this greatly complicates the determination of a primary order parameter, rendering opaque
the study of the material’s properties near the phase transition as a method to decisively
settle the debate one way or the other. Yet this question is at the soul of the importance
of these materials in the study of UNSC: if magnetic ordering is driving the phase evolution
the interaction’s candidacy for the SC pairing mechanism is greatly strengthened.
In this chapter two members of the 122 iron-pnictide family will be studied - the isovalently doped BaFe2 (As1 − x Px )2 and hole-doped Sr1 − x Nax Fe2 As2 - their phase diagrams will
be elucidated as well as the details of their structural and magnetic behavior as functions of
composition and temperature. In doing so the strength of the magneto-elastic coupling will
be established and the observation of a recently discovery tetragonal magnetic phase in the
hole-doped material will be discussed. This work will then set the stage for a resolution to
the question proposed above, in the final chapter.
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c

b
a

Figure 4.4: Magnetic structure of BaFe2 As2 with Fc mm0 m0 magnetic space group symmetry.
Red arrows denote direction of magnetic moment on the Fe atom site. Ferromagnetic ‘stripes’
are seen along the b-axis while AFM ordering is seen along the a- and c-axes.
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4.1

Nuclear and Magnetic Structure: Temperature and Doping
Dependence

4.1.1

Effect of Isovalent Doping

The case of isovalent doping in the 122 iron-pnictide SC is a unique one - while it is
well known from the cuprate SC that hole- and electron-doping techniques are useful in
suppressing magnetism and stabilizing SC by directly changing the topology of the FS, it is
unexpected for substitution with an isovalent atom to recreate the same behavior. Yet upon
incorporating BaFe2 As2 with phosphorous (which substitutes on the As site) the usual phase
diagram of the hole- and electron-doped FBS is created, where AFM ordering is weakened
until it is completely suppressed, while SC is stabilized at the edge of the AFM phase,
coexists over a small composition range with the AFM ordering and persists out past the
AFM dome to high doping. By achieving the same qualitative phase diagram through the
relatively clean process of isovalent substitution, BaFe2 (As1 − x Px )2 affords the opportunity
to study how internal pressure and its effect on the internal bonding parameters affect the
overall phase evolution and SC of the material without making significant changes to the
topology of the FS. Because the behavior seen in the aliovalently doped materials must
inevitably be a convolution of charge effects and the change in ionic radii, it beomes difficult
to distinguish between behaviors resulting from one or the other. BaFe2 (As1 − x Px )2 , on the
other hand, excitingly allows for the isolation of the different influences through comparison
of the effects of introducing internal pressure alone to the changes seen in the hole- and
electron- doped members of the family.
In order to study isovalent substitution a series of BaFe2 (As1 − x Px )2 polycrystalline samples with compositions x = 0.12, 0.19, 0.21, 0.24, 0.25, 0.29, 0.30, 0.31, 0.35, 0.37, 0.60 and
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0.80 were grown (as described in Chapter 2) for use in several NPD experiments. Samples
with compositions 0.21 < x < 0.80 were found to SC showing sharp, single step transitions. This indicates the high quality of the samples used in this study which is a significant
improvement over samples used in previous reports [109, 110, 111, 112]. Further characterization of the samples prior to measurement were carried out to check for sample purity and
homogeneity as described in Section 2.5.
NPD experiments were performed on POWGEN and on HB-1A to determine the structural and magnetic transitions’ temperature and composition dependencies, as well as to
measure carefully the magnetic behavior specifically of compositions with weak magnetic
ordering. More details of the methodology are given in Section 2.6. By using high resolution
NPD the determination of precise lattice parameters and observations of small orthorhombic
distortions were possible while simultaneously being able to monitor the magnetic moment
of the AFM ordered samples. Measuring both the structural and magnetic properties in a
single measurement allowed for a high level of confidence in the relative temperatures of Ts
and TN . All compositions exhibited very sharp reflections indicative of the good quality of
the samples.

4.1.1.1

Lattice

Table 4.1 shows the lattice parameters extracted from Rietveld refinements performed
using the room temperature and 10K POWGEN data. Sample composition (x) was calculated using Vegard’s Law which assumes a linear relationship between unit cell volume and
composition, a trend which is commonly reported in these materials [35, 112]. A linear interpolation of the reported endpoint volumes of BaFe2 As2 and BaFe2 P2 (from references [102]
and[113] respectively) was performed and the volumes of the measured samples reported in
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Table 4.1 were compared to the resulting line (see Figure 4.5) to determine the reported
calculated compositions (xf it ). Most samples’ nominal compositions were within 0.01 of the
fit values, a discrepancy consistent with ∼ 5% impurity Fe2 P phase seen in powder patterns
giving a high confidence in the accuracy of the fit composition. As can be seen in Table 4.1
all refined parameters follow the generally expected trends once the composition is corrected.
For the rest of this chapter samples will be referred to by their xf it compositions and all
plots will use these corrected values.
Figure 4.6 shows the lattice parameters (a and c), unit cell volume (V ) as well as the
lattice anisotropy (c/a) as functions of composition normalized to the parent compound’s
unit cell (values for the parent compound were obtained from Reference [102]). It is notable
that after correcting the compositions to their V all other lattice measures are consistently
well behaved - further validating the use of the technique. V is seen to decrease with
increasing P content consistent with the smaller ionic radii of the P atom compared to
the As atom (Figure 4.6). Consequently, both c and a are seen to similarly contract with
increased substitution - a trend which is not reflected in the hole-doped systems were the
contraction along the a-axis causes a slight expansion along c, as will be discussed later
[101]. However, c/a, which is a measure of the lattice anisotropy, monotonically decreases
with composition indicating that the lattice accommodates the smaller P ion by contracting
along the c direction more so than by a reduction in the basal plane. This is opposite the
case of hole-doping and is unlike the expansion of the basal plane seen in electron-doped
Ba(Fe1 − x Cox )2 As2 [114]; it will have significant implications for the behavior of the internal
bonding parameters as functions of P concentration. As will be seen, a strong contraction
in the basal plane with hole-doping is due to the change in the valence of Fe. Likewise, the
increased electron count in the electron-doped regime causes an increase in the Fe-Fe bond
length, and consequently, an expansion in the basal plane. That neither of these effects are
seen in BaFe2 (As1 − x Px )2 is a strong indication that P substitution is not affecting either a
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Table 4.1: Room and Base (10K) temperature lattice parameters of BaFe2 (As1 − x Px )2 as
determined from Rietveld refinements using POWGEN NPD data. xf it was calculated using
a Vegard’s Law fit to the room temperature volume (see text).
b(Å)

c(Å)

V (Å3 )

xnominal

xf it

a(Å)

zAs

0.15

0.115

3.952503(12)

12.95775(12) 202.430(2)

0.35347(7)

0.20

0.190

3.943912(12)

12.90799(12) 200.777(2)

0.35282(6)

0.25

0.205

3.941969(15)

12.90210(10) 200.487(2)

0.35286(6)

0.28

0.290

3.931949(11)

12.84854(8)

198.641(3) 0.35205(5)

0.30

0.310

3.929868(12)

12.83854(8)

198.277(2) 0.35191(5)

0.33

0.350

3.925049(14)

12.81491(9)

197.427(2) 0.35161(6)

0.40

0.370

3.922218(19)

12.80440(14) 196.980(2)

0.35140(9)

0.60

0.600

3.893640(16)

12.66917(12) 192.070(2)

0.34917(4)

0.80

0.790

3.86863(4)

12.56670(19) 188.077(3)

0.34749(11)

0.15

0.115

5.59609(5)

5.56245(5) 12.88371(15) 200.522(3)

0.35336(7)

0.20

0.190

5.58034(3)

5.55570(5) 12.83531(11) 198.685(5)

0.35277(6)

0.25

0.205

5.57761(3)

5.55369(3) 12.82837(8)

198.736(3)

0.35265(4)

0.24

0.240

5.57037(3)

5.55420(3) 12.80496(9)

198.086(2)

0.35231(5)

0.25

0.250

5.56733(4)

5.55393(4) 12.79542(12) 197.821(3)

0.35213(6)

0.28

0.290

5.55378(2)

5.55378(2) 12.75240(12) 196.670(2)

0.35191(5)

0.30

0.310

5.55094(2)

5.55094(2) 12.75590(8)

196.523(1)

0.35178(5)

0.33

0.350

5.54439(2)

5.54439(2) 12.73346(9)

195.715(2)

0.35141(6)

0.40

0.370

5.54035(3)

5.54035(3) 12.72376(16) 195.281(3)

0.35113(10)

0.60

0.600

5.49977(2)

5.49977(2) 12.59785(9)

190.527(2)

0.34946(7)

0.80

0.790

5.46401(4)

5.46401(4) 12.5054(2)

186.678(4) 0.34775(10)

300K

10K
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Figure 4.5: Room temperature V plotted as a function of the nominal composition of
BaFe2 (As1 − x Px )2 . A linear V (x) curve has been extrapolated between the x = 0.0 and
x = 1.0 endpoints. The compositions of the grown samples were corrected such that V (xf it )
plot replicates this linear relationship.

quasi hole-doped or electron-doped regime through some secondary effect, such as relative
difference in the electron affinities of P and As, and that, therefore, this system is correctly
thought of as isovalent.
Figure 4.7(a) shows the temperature dependence of the a and b lattice parameters. Upon
cooling from 300K typical thermal contraction is observed until, as expected, the a and b
axes are seen to split at temperatures T < 140K for compositions x < 29%. This behavior is
indicative of the structural transition from the tetragonal I4/mmm cell to the orthorhombic
F mmm symmetry described earlier in this chapter. At the structural transition, the previ√
√
ously degenerate a and b axes become non-equivalent as the 2 × 2 supercell is formed
and the a and b axes diverge rapidly from the tetragonal structure’s a-axis (scaled by a
√
factor of 2 see Figure 4.7 caption). The a-axis expands while the b-axis contracts relative
to the scaled tetragonal a lattice parameter. As further cooling occurs the split is seen to
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Figure 4.6: Lattice parameters (a and c), V and lattice anisotropy (c/a) of room temperature
BaFe2 (As1 − x Px )2 as a function of composition (x). All values have been normalized to the
lattice of the parent compound.

quickly saturate within ∼ 20K of the initial divergence. For samples with x ≥ 0.29 no such
splitting is observed and the material is seen to exhibit only tetragonal symmetry over all
measured temperatures.
It is useful to define an orthorhombic order parameter (δ = (a − b)/(a + b)) in order to
characterize the structural transition and the magnitude of the orthorhombic distortion. This
term magnifies any splitting in a and b which might be not clearly resolved in their raw plots
and, combined with the high-resolution of POWGEN, allows for a high degree of confidence
in the determination of which compositions exhibit an orthorhombic distortion. Figure 4.7
(b) plots δ for the lowest four compositions shown in Figure 4.7(a). Upon warming from base
temperature δ shows only slight temperature dependence, marginally decreasing, until the
transition temperature is approached whereupon the order parameter quickly collapses to
zero, indicating the transformation to the tetragonal unit cell. For samples with compositions
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Figure 4.7: (a) a and b lattice parameters of samples x = 0.115, 0.190, 0.205, 0.290 and 0.310
of BaFe2 (As1 − x Px )2 . At the structural transition to the orthorhombic symmetry a and b
diverge. (b) Orthorhombic√order parameter (δ = (a − b)/(a + b)) for select samples. The
a-axis has been scaled by 2 for temperatures where the cell exhibits tetragonal symmetry
in (a).

x ≥ 0.29, no non-zero value of δ is observed at any measured temperature - as expected
- even when an orthorhombic model is used in refinements to avoid artificially enforcing
δ = 0. As can be seen, δ follows a power-law-like temperature dependence of the form
δ(T ) ∝ (Ts − T )βs /Ts with Ts and βs being the structural transition temperature and the
critical exponent, respectively, the significance of this relationship will be explained and
exploited in Section 4.2.
The temperature dependence of V for a selection of compositions is shown in Figure 4.8(a). Across the measured temperature range, V exhibits a nearly linear temperature
dependence for all compositions and steadily decreases with increasing P concentration as
previously shown in Figure 4.6. Surprisingly, unlike members belonging to the hole-doped
BaFe2 As2 family, no significant volume anomaly is seen at the structural transition [89, 101].
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The presence of this anomaly, in the hole-doped materials, was taken as evidence of a firstorder nature to the structural transition. As will be shown, its absence here, rather than indicating a different characteristic to the transition, is instead indicative of the compensatory
reaction of the lattice parameters at the transition in BaFe2 (As1 − x Px )2 . Figure 4.8(b) shows
p
the parameter atet which is defined as atet = ( a2orth + b2ortho )/2 and measures the same path
along the unit cell in the orthorhombic setting as denoted by the a lattice in the tetragonal
cell. It, therefore, gives a way for the orthorhombic a and b lattice parameters to be meaningfully compared to those of the tetragonal phase. While V (T ) shows little or no anomaly,
atet (T ) shows a clear discontinuity at Ts , where it undergoes a slight but sudden contraction.
Similarly, looking at the c lattice parameter plotted in Figure 4.8(c) an anomaly at Ts is
also seen at which point the c -axis undergoes negative thermal expansion over the width of
the transition (over a range of ∼ 10K). The slope of c(T ) is significantly different before and
after the transition and c just below Tc is larger than its value just above. This expansion
along c coupled with a contraction along the basal plane at the transition elucidates why no
significant anomaly is seen in V (T ), as the two directions in the unit cell exhibit opposite
motion at the transition in a compensatory manner leaving the V effectively linear over this
temperature range.
The lattice anisotropy parameter (c/a) plotted in Figure 4.8(c) enhances the contradictory motion of the basal plane and c-axis at the transition, and so is a more useful measure
in the determination of the structural transition. Above Ts , c/a rises monotonically to the
highest measured temperature of 300K. However at Ts the above described lattice behavior
causes a significant discontinuity as the lattice anisotropy jumps to a higher value for the
orthorhombic structure - showing a clear anomaly in confirmation of a weakly first-order
structural transition. At temperatures T < Ts the anisotropy is seen to quickly saturate
similar to the behavior of δ. For samples with no orthorhombic distortion, no anomaly is ob-
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Figure 4.8: (a) Volume plots using atet for compositions x = 0.115, 0.190, 0.205, 0.290, 0.31,
0.35, 0.37, 060 and 0.79 of BaFe2 (As1p
− x Px )2 . (b) orthorhombic and tetragonal a lattice
parameter scaled by defining atet = ( a2orth + b2ortho )/2 (upper panel shows 11.5% sample
lower panel shows 19.0% and 20.5% samples). (c) plots of the c lattice parameter. (inset:
magnification of the area denoted with a box showing the discontinuity in the c-axis at the
structural transition). (d) c/a lattice anisotropy measure. Composition color assignment
established in (a) is consistent throughout all panels.
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served in the temperature dependence of the lattice, and c/a is seen to consistently increase
with temperature.
The anomaly seen in atet , c and c/a is easily explained via the properties of a first-order
transition. In this scenario, throughout the transition parts of the material are expected to be
in either the higher temperature tetragonal phase or lower temperature orthorhombic phase
but not undergoing a continuous evolution through some intermediate phase which would
be expected were the transition to have a second-order character. In this way the anomalies
are best understood by picturing the transition being approached from either direction in
temperature (see inset of Figure 4.8(c)). In this case, part of the sample exhibits the dilated
c -axis of the orthorhombic phase while the rest of the sample exhibits the smaller c of
the tetragonal phase. The negative thermal expansion is then understood as the weighting
between these two states gradually shifting from 1 : 0 (tetragonal to orhorhombic) above Ts
to 0 : 1 below Ts .

4.1.1.2

Internal Parameters

The collective behavior of the unit cell is useful in the determination of phase transitions, their order as well as the general overall temperature and doping dependencies of the
material. However, as discussed in the introduction of this chapter, this is only part of the
structures’ story, and to fully understand the material and how its structure is changing
from the parent compound into a SC it is important to study the behavior of the internal
parameters and, in particular, of the Fe2 As2 layers.
Figure 4.9 (a) shows the height of the As(P) atom above and below the Fe-Fe sublattice
(hAs/P ) at both room and base temperature. While the change in hAs/P between the two
temperatures is slight, it exhibits a significant composition dependence which is the over-
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whelmingly dominant effect. This behavior is mirrored in the Fe-As bond length (shown in
Figure 4.9 (b)). As P is substituted into the Fe2 As2 layer both parameters are seen to steeply
decline, exhibiting an approximately linear doping dependence. While the contraction of the
As position might be an expected effect of the slightly smaller P atom (as compared to As),
the magnitude of the decline is significant - being considerably larger than any change in
this parameter in any of the hole-doped compounds. In these previously studied materials,
the Fe-As bond length was found to be quite rigid: being nearly constant over the studied
range of dopant concentrations [89, 101]. Between the end-members, hAs/P and Fe-As parameters undergo -12.5% and -6% contractions respectively - an order of magnitude larger
than between the end-members of Ba1 − x Kx Fe2 As2 whose percent changes are +4.5% for the
arsenic height and -0.8% for the Fe-As bond length. This in spite of the larger change in the
c lattice parameter in the Ba1 − x Kx Fe2 As2 material relative to BaFe2 (As1 − x Px )2 .
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Figure 4.9: (a) Height of As(P) site above and below the Fe plane (h As/P ) as a function of
composition and (b) Fe-As bond length at 300K and 10K.
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A similar sensitivity of the Fe2 As2 layer to P substitution is seen in the As-Fe-As bond angles (Figure 4.10). As P concentration is increased α1 and α2 continually diverge rather than
converging towards the ideal 109.47◦ tetragonal angle. In this measure, the BaFe2 (As1 − x Px )2
series is more similar to Ba(Fe1 − x Cox )2 As2 than to either member of the hole-doped regime
where α1 and α2 initially converge with doping crossing at the perfect tetrahedral angle near
optimum Tc before beginning to diverge [89, 101, 115]. Presumably if a region of ‘negative’
concentration could be reached the perfect tetrahedral angle might be achieved. In the isovalent regime where the dopant atom’s size relative to As is the controlling effect as opposed
to hole or electron concentration, x might be seen as an analogue for the average size of the
atom on the As site. Therefore, should a pnictide with a larger ionic radius than As (such as
Sb) be successfully substituted in a manner similar to P, a full version of the plots shown in
Figure 4.10 might be constructed which extend to the left of BaFe2 As2 . Such a plot might
show a region of As-Fe-As crossover, however, no successful growth of BaFe2 (As1 − x Sbx )2
has ever been reported.
Comparing the 300K and 10K plots only slight changes in α1 and α2 are seen apart from
the previously discussed splitting of α2 for samples with x < 0.29 (Figure 4.10). However, as
with the Fe-As bond length, the As-Fe-As angles show a dramatic dependence on P concentration. In comparison to the Ba1 − x Kx Fe2 As2 series, the percent change of α1 and α2 is comparable in magnitude being 4.8%(-4.1%) and -2.4%(2.0%) for α1 and α2 of BaFe2 (As1 − x Px )2
(Ba1 − x Kx Fe2 As2 ) respectively. Though the percent change is similar in size the direction is
not and the tetrahedral angles diverge rather than converge with concentration. This is due
to the added effect of hole-doping on the structure present in Ba1 − x Kx Fe2 As2 which causes
a stronger contraction along the basal plane than the relatively tepid readjustment needed
to accommodate the smaller ionic radii of P (or K). This contraction forces the rigid Fe-As
bond found in the hole-doped materials to become progressively more parallel to the c-axis
pushing the As higher above the Fe-Fe plane and causing an elongation of the cell perpendic-
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Figure 4.10: As-Fe-As angles at room temperature (a) and 10K (b) of BaFe2 (As1 − x Px )2 .
Linear fits are plotted for each angle to guide the eye.

ular to the basal plane. With P substitution this effect is entirely absent and a contraction
along both unit cell directions is observed, meanwhile the majority of the adjustment of the
structure to the smaller P ion seems to occur locally within the Fe2 As2 layers.
By altering the geometry of the SC Fe2 As2 layers it is possible that P substitution is
able to stabilize SC without changing the electron count by directly manipulating the Fe
site’s bonding environment. As seen by studies performed on the non-SC Ba1 − x Srx Fe2 As2
which isovalently replaces Ba with the smaller Sr ion, general contraction of the unit cell to
accommodate a smaller dopant atom is not enough to induce SC [116, 117, 118]. While the
ability of hole-doping or electron-doping to induce SC can be adequately explained through
the changes they cause to the FS [119, 120, 121], understanding how isovalent substitution
might affect the same phenomenon without changing the charge count is more opaque. From
the discussion above it is clear that by substituting directly into the Fe2 As2 layers the smaller
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P atom is more capable of changing the internal parameters of the material, that it induces
SC by doing so, rather than by changing the occupancy at the FS, indicates the importance
of the bonding environment of the Fe2 As2 layers to the properties of this material.
It should be noted that the presence of two atomic species on the As site complicates the
above discussion. It is likely that the Fe-As and Fe-P bonding environments exhibit different
properties, and, in light of this, the above reported values should be considered an averaging
of the two ligands. Further study using a technique with more contrast between As and P
might find that the Fe-As bond is as rigid here as previously reported and that the increasing
weight of Fe-P bonds with increasing P concentration in these averaged values accounts for
the change in bond length. However, this does not weaken the suggested importance of
the Fe2 As2 layer’s properties in establishing an environment conducive to SC. The above
discussion may then function as a first approximation, informing the need for further study.

4.1.1.3

Magnetism

As discussed in the intro to this chapter, the 122 FBS go through a magnetic transition
which can take place either simultaneously with Ts or which can occur at slightly lower
temperatures. In the magnetic phase an ordered moment at the Fe sites produces a stripeAFM magnetic structure which is commensurate with the nuclear structure. This magnetic
lattice causes a series of new peaks to arise in the NPD patterns due to the lower symmetry
of the AFM-stripe magnetic order. This allows for the properties of the magnetic structure
(namely the moment found at each Fe atom) to be extracted from the same refinements
used to gather the structural behavior which have been used in the previous two sections.
Figure 4.11(a) plots the refined magnetic moment at 10K as a function of composition. With
increasing P concentration, the magnetic moment is progressively weakened until by x =
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0.29 there is no refinable magnetic moment indicating that magnetism has been completely
suppressed. This defines an AFM-SDW dome which extends from the parent compound
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Figure 4.11: (a) Magnetic moment per Fe atom at 10K as a function of composition (b) and
as a function of temperature for x = 0.115, 0.205 and 0.19 of BaFe2 (As1 − x Px )2 . Values were
obtained from Rietveld refinements performed using NPD data.

Figure 4.11(b) shows the temperature dependence of the magnetic moment for several
samples within this AFM dome. A power-law behavior similar to that of the orthorhombic
order parameter is observed where the magnetic moment is nearly constant at low temperatures until a precipitous drop-off defining the magnetic transition TN . The results of such
fits will be reserved for Section 4.2 where they will be discussed together with the structural
transition and the transitions in Sr1 − x Nax Fe2 As2 . Table 4.2 reports the values of the magnetic moments extracted form refinements performed using the 10K POWGEN data and
shown graphically in Figure 4.11(a). The refined values for M are similar to those reported
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for Ba1 − x Kx Fe2 As2 and Ba1 − x Nax Fe2 As2 , surprisingly, BaFe2 (As1 − x Px )2 shows a similar
compositional dependence to the magnetic suppression as these hole-doped systems [89, 101].

Table 4.2: The refined magnetic moment at 10K for compositions of BaFe2 (As1 − x Px )2 which
exhibit magnetic ordering. Values were determined from Rietveld refinements performed
using NPD collected on POWGEN.
x

M (µB /F e)

0.115

0.75(4)

0.190

0.51(4)

0.205

0.53(3)

0.240

0.46(4)

0.250

0.43(5)

In hole- and electron- doped BaFe2 As2 compounds the AFM ordering seen in the parent
compound at temperatures below 140K is progressively suppressed with increasing doping
until its long range ordering is completely disrupted. As will be discussed in Chapter 5 the
suppression of the AFM is a result of driving the system away from the charge compensated
state of the parent compound which, through changing the topology of the FS, weakens the
formation of the SDW state [89, 101, 97, 122, 123, 124]. Surprisingly the same qualitative
behavior is observed with the isovalent substitution of P even though no such change of the
band filling occurs. It is not clear from the results presented here how exactly P substitution
is able to suppress the AFM ordering. From the discussions of Section 4.1.1.2 it might be
predicted that the exceptional sensitivity of the Fe2 As2 layers to P substitution plays a role
in this mechanism. By changing the bonding environment around the Fe atoms, it should
be expected that the exchange interactions between neighboring Fe sites is also changed.
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It would be useful to perform calculations of the exchange terms as functions of the Fe-As
bond length and As-Fe-As bond angles to see if the changes reported here are capable of
explaining this unusual behavior.

4.1.2

Effect of Hole Doping

Unlike the isovalently substituted system of the previous section, SC is achieved in the
hole-doped 122 materials through the introduction of ‘holes’ to the Fe2 As2 layers rather than
from a form of internal pressure. From the parent BaFe2 As2 material this is usually achieved
through doping Na+ , K+ or Rb+ on the Ba2+ site. In the AFe2 As2 structure the A-site is
generally accepted as creating a ‘charge reservoir’ layer which gives electrons to the more
electronegative Fe2 As2 layers. Therefore, this reduction of electrons due to the introduction
of Na+ or K+ effectively reduces the valence state of the Fe atoms which, as will be shown,
greatly effects the behavior of the material not only by changing the topology of the FS but
also through causing changes within the structure of the unit cell and the sensitive bonding
environment of the FeAs4 tetrahedra.
Since the discovery of a Tc of 38K in the K doped compound in 2008, this series, as well as
the related Na doped material, have recieved nearly continual attention [26]. Consequently,
this has led to a detailed understanding of their structure, electronic and magnetic properties,
phase diagram, as well as the mechanisms which drive these materials’ behavior, most of
which can be described by the changes to the Fermi surface caused by reducing the charge in
the Ba layers [28, 36, 37, 89, 119, 125]. In general, their phase evolution with temperature and
composition is very similar to that described in the preceding section for BaFe2 (As1 − x Px )2 .
The introduction of an A+ ion on the Ba2+ site causes the suppression of the AFM ordering
and eventually gives rise to SC which persists all the way to the end-member in the cases
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of A = Na, K. Here the disruption of the AFM ordering is well described by the changing
FS, where the introduction of ‘holes’ moves the material away from the charge compensated
parent compound and weakens the FS nesting thought to be key to the formation of AFM
ordering (the concept of FS nesting (FSN) will be more thoroughly discussed in Chapter 5).
As with BaFe2 (As1 − x Px )2 the suppression of the magnetic ordering is accompanied by the
suppression of the orthorhombic distortion.
In contrast to the well studied Ba 122 family, the related Sr 122 family has received
little attention and so the study of hole-doped materials presented here will focus on these
compounds. Sr is isovalent to Ba and so the SrFe2 As2 parent compound is still charge
compensated as was BaFe2 As2 . The significant difference, for these materials, is in the
relative sizes of the ionic radii: the smaller ionic radius of 1.26 Å for Sr, compared to
1.42 Å for Ba, decreases the volume of the unit cell [126]. As a consequence, the magnetic
ordering should be strengthened relative to the Ba compound, as a decreased spacing between
neighboring Fe atoms should increase the magnetic interactions. If indeed this is the case,
the magnetic properties would then be easier to observe and measure in the Sr materials,
thus informing the interest in their study. As will be seen in the next few sections this line
of reasoning turns out not only to be correct but also to significantly assist in the study of
a new magnetic phase.
Surprisingly and in spite of having a large body of research, recently a new phase was
discovered in the hole-doped Ba 122 systems [127, 128]. In these studies, the material was
observed to re-enter the tetragonal structure from within the orthorhombic AFM (O-AFM)
phase. This re-entrant tetragonal magnetic phase (T-AFM) will turn out to be vital to
understanding the physics of these materials and to more general questions surrounding
UNSC. Nonetheless, in this section this new phase will be mostly ignored in order to focus
the discussion on the more general features of the hole-doped materials. Descriptions of the
T-AFM will be reserved for a later section (Section 4.3).
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A series of 23 pollycrystalline samples of Sr1 − x Nax Fe2 As2 were grown with compositions
x = 0.10, 0.20, 0.25, 0.26, 0.28, 0.29, 0.30, 0.32, 0.34, 0.35, 0.36, 0.37, 0.38, 0.39, 0.40,
0.42, 0.44, 0.45, 0.5, and 0.6 (as described in Appendix A.2). The resultant powders were
characterized via magnetization measurements and were found to have sharp single step
transitions indicative of high quality chemically homogeneous materials (Figure A.1). These
samples were then used in a series of NPD experiments performed using POWGEN and
HB-1A, as well as multiple high-resolution XPD experiments performed on beamline 11BMB. Special attention was given to carefully mapping the temperature dependence of the
inherently weak magnetic reflections on HB-1A while the high resolutions of POWGEN and
11BM-B were used to search for even minute orthorhombic distortions.
Figure 4.12 shows Tc (as determined from magnetization measurements) as a function
of composition. While a relatively large step size was used for compositions outside 0.25 ≤
x ≤ 0.50, very fine composition steps of ∼.01 were used within this region. This allowed for
the SC dome to be carefully traced out. SC is first seen in the 20% sample which exhibits
fractional SC and so is taken as very near the true onset composition. Between 40% and
50% a steep increase is seen, where Tc climbs from ∼10K to its maximum value of 36K in
a roughly linear manner. For higher compositions the SC transition shows a slight decrease
presumably decreasing monotonically to the 11K transition of the NaFe2 As2 end-member.
It is notable that Figure 4.12 does not show the same sort of smoothly evolving SC
dome seen previously in the BaFe2 (As1 − x Px )2 system. In fact for the range of compositions
0.20 ≤ x ≤ 0.40 Tc appears nearly composition independent. While it will be shown later
that this is due to the presence of the T-AFM phase, it is important to note here as it
complicates the use of Tc to determine composition in this region. Therefore, as described in
Section 4.1.1.1 Vegard’s law was used to determine the actual composition for all samples by
noting a linear composition dependence of the a lattice parameter at 300K. In the synthesis
of these compounds it was often found necessary to post-anneal samples in excess NaAs and
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Figure 4.12: Tc of Sr1 − x Nax Fe2 As2 as a function of composition defining the left side of the
SC dome.

SrAs, perhaps unsurprisingly due to these elements’ volatility. Such treatments are expected
to cause slight modifications to the nominal compositions. Therefore, fits were performed to
the composition dependence of 300K refined a lattice parameter disregarding samples which
were post-annealed in excess Sr or Na. From these fits the actual composition was determined
by shifting the nominal composition such that all samples followed the fit line (this analysis
was performed independently for the NPD and XPD samples due to inherent calibration
differences). Table 4.3 shows the nominal compositions compared to those determined from
the Vegard’s law fit. Most compositions are seen to agree reasonably well with the expected
nominal compositions, and those which significantly diverge, such as the nominally 26%,
32% and 36%, are samples which had the above described post-annealing treatment. As
expected, samples which were post-annealed with excess Na moved up in composition while
those annealed with excess Sr moved to lower compositions. In this manner the use of
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the linear fit was determined to be consistent and so all future references to the sample
composition will invoke the corrected xf it composition.

Table 4.3: Fitted composition as well as the structural and magnetic transition temperatures
of Sr1 − x Nax Fe2 As2 series. Fit compositions were determined through the use of a VegardLaw-like behavior of the a lattice parameter. Samples which show significant departures
from the nominal composition had been post annealed with tiny excess amounts of Sr or Na
in order to improve the quality of the SC transition. Tc ’s were determined as the onset of
the diamagnetic response through the intersection of the linear fits of the curve before and
during the transition.
x-ray

neutron

xnom

xf it

Tc

xnom

xf it

Tc

0.10

0.12

0

0.29

0.29

9

0.20

0.19

7

0.32

0.37

11

0.25

0.27

7

0.35

0.38

12

0.26

0.32

10

0.37

0.36

11

0.28

0.30

11

0.37

0.41

21

0.30

-

8

0.40

0.43

24

0.32

0.29

11

0.42

0.42

22

0.35

0.35

12

0.45

0.45

37

0.36

0.28

8

0.48

0.48

32

0.37

0.34

10

-

-

-

0.40

0.40

16

-

-

-

0.42

-

23

-

-

-

0.50

0.51

36

-

-

-

0.60

0.59

24

-

-

-
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4.1.2.1

Lattice

While in the case of P substitution, ostensibly, there was only the size difference between
P and As to consider, the doping of Na on the Sr site also involves a change in the available
electrons in the material. The size effect here is similar to that described previously where
the smaller ionic radius of Na (compared to Sr) causes a progressive adjustment of the lattice
to accommodate an increasingly smaller average A-site ion. While occurring on a different
lattice site, the overall qualitative effect on the lattice should be the same as for P substitution
and indeed this behavior has been observed in the isovalent substitution of Sr into BaFe2 As2
[117]. As the concentration of Sr increased the cell was seen to contract along both the a
and c lattice directions causing an overall reduction in the unit cell volume qualitatively
similar to the composition dependence shown in Figure 4.6. However, in addition to the
size mismatch, there is also a response of the lattice to the reduction of charge in the A
layers. Na1+ contributes one less electron than Sr2+ , therefore as its concentration increases
the oxidation state of Fe is decreased and the material is pushed away from the charge
compensated parent state. This effectively reduces the charge in the Fe2 As2 layers which
greatly effects their geometry, most significantly, by contracting the Fe-Fe bond which (due
to Fe’s position on a special site) results in a contraction of the unit cell’s entire basal plane.
The effect this contraction has on the c-axis is non-intuitive and will be discussed later.
Figure 4.13(a) shows the room temperature lattice parameters as a function of doping
normalized to the parent compound. Both the volume (V ) and either direction along the
tetragonal basal plane are seen to decrease nearly linearly with increasing Na doping as is
expected in the accommodation of the smaller Na atom. The change in the a-axis between
the parent compound and the highest doped sample of 59% is approximately -1.8%. However,
anomalous to the expectations of the size mismatch, the c-axis is seen to expand substantially
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by an almost compensatory +1.75%. This is a significant departure from the behavior seen
in Section 4.1.1.1 where the substitution of the smaller P atom caused a contraction along
both independent lattice directions. In order to understand this feature the second of the
previously mentioned effects much be taken into account and in doing so the geometry of the
Fe2 As2 layers becomes important. As previously mentioned, the reduction of charge reduces
the oxidation state of Fe and causes a contraction of the Fe-Fe bond length. This in turn
forces the As position higher above, and below, the Fe-Fe plane (Figure 4.13(b)) as will be
shown later, this is due to the relative rigidity of the Fe-As bond length [101]. Consequently,
this shift in the As position pushes it closer to the A-site causing the cell to dilate along the
c direction (see Section 4.1.2.3 for a more detailed analysis of the internal parameters).
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Figure 4.13: Doping dependence of the lattice parameters (a, c, V, and c/a) (a) and As
height. Parameters plotted in (a) have been normalized to the values of the parent compound
SrFe2 As2 .
Also plotted in Figure 4.13(a) is the c/a ratio which can be used as a measure of the
lattice anisotropy which is a useful a way to simultaneously measure the change in a and
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c - particularly useful as a measurement of the competition between the above described
effects. The c/a ratio is seen to monotonically increase with doping indicating that for all
measured compositions the a and c lattice parameters are always diverging. Furthermore,
by comparing the c/a ratio to V it can be seen that the contraction along the basal plane has
a larger effect on the unit cell volume than does the expansion along c causing V to shrink
even though c expands. It is notable that this expansion along c causes the composition
dependence c/a in Sr1 − x Nax Fe2 As2 to be qualitatively different than for BaFe2 (As1 − x Px )2
where it monotonically decreased with increasing x, as shown in Figure 4.6.
Figure 4.14 shows the temperature dependence (for several representative compositions)
of the lattice. The mostly featureless c/a and V plots with only barely observable V anomalies at Ts indicate that the phase transition in this system is likely weakly first-order, as will
be demonstrated later in this section [129, 130]. V for all compositions shows the expected
nearly linear dependence on temperature until ∼40K at which point the volume of the unit
cell becomes effectively constant, as is typical of the thermal dependence in these materials
and as seen in BaFe2 (As1 − x Px )2 . This behavior can also be seen in the c/a plot as the
lattice anisotropy decreases with falling temperature before reaching a minimum value at
∼40K. As discussed above, the unit cell anisotropy increases with the dopant concentration
and this trend holds for all measured temperatures.
Figure 4.15(a) shows the splitting of the a and b lattice parameters which is characteristic
of the structural phase transition. The 29% sample shows the typical behavior of the 122 ironpnictide compounds with the a and b lattice parameters continuing to diverge with decreasing
temperature. This behavior is also obvious in the orthorhombic order parameter (defined
previously in Section 4.1.1.1) δ shown in Fig 4.15(b). Here for temperatures T > 80K the
typical behavior is seen where Ts and the magnitude of the orthorhombic distortion decrease
as x increases until x = 0.45 beyond which no orthorhombic distortion is visible. Further
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Figure 4.14: Temperature dependence of the volume (a) and lattice anisotropy ratio c/a (b)
for selected sample compositions of Sr1 − x Nax Fe2 As2 .

discussion of power-law fits, determination of Ts and the relationship of the transitions will
be handled in Section 4.2.
Anomalous behavior of the a and b lattice parameters is seen for concentrations between
0.29 < x < 0.45. In these compositions the lattice undergoes a return to tetragonal symmetry
at temperatures below 70K in stark contrast to the behavior observed in Section 4.1.1.1.
This re-entrance to the tetragonal structure is indicative of the recently discovered T-AFM
phase [127] and in keeping with the convention there established, the re-entrant transition
temperature will be denoted as Tr . As can be seen in the δ plot this re-entrant phase is
prefaced by the quick suppression of δ which eventually collapses as the a and b lattice
parameters converge and the tetragonal I4/mmm symmetry is recovered. This behavior is
observed for all samples with compositions between 0.29 < x < 0.42 defining a T-AFM dome
with a significantly larger extent in composition space than seen in any previous system. For
compositions x ≥ 0.45 the standard behavior returns where only the expected orthorhombic
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Figure 4.15: Temperature dependence of the (a) a and b lattice parameters and (b) orthorhombic order parameter δ of Sr1 − x Nax Fe2 As2 .

splitting, without any re-entrant tetragonal structure occurs. This re-entrance of O-AFM
phase at concentrations beyond the T-AFM phase has never been observed in any previous
hole-doped system. These exciting behaviors and the specific details of this phase will be
discussed more thoroughly in Section 4.3 and so will only be briefly noted here.
Unlike BaFe2 (As1 − x Px )2 no clear evidence of a first-order transition is seen in either
Figure 4.14 or 4.15. The large thermal contraction along the c-axis here coupled with the
relatively small shift in the a-axis at the transition conspire to obscure the traditionally
observed volume anomaly. Therefore, it is useful to once again introduce a parameter which
measures a similarly defined distance along the basal plane in both the tetragonal and orp
thorhombic structures. Previously the parameter atet = a2oth + b2orth /2 was found to better
exhibit the anomaly indicative of a first-order transition for BaFe2 (As1 − x Px )2 and so it will
be used again here. Figure 4.16 plots the temperature dependence of atet for the 10% and
34% samples. Here the behavior of the lattice at the transitions is more clear and the two
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samples exhibit obvious lattice anomalies indicating a weakly first-order phase transition.
This weakly first-order structural transition is consistent with the observed behavior of both
the related hole doped 122 systems Ba1 − x Nax Fe2 As2 and Ba1 − x Kx Fe2 As2 as well as the
behavior of BaFe2 (As1 − x Px )2 reported in Section 4.1.1.1 [28, 101].
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Figure 4.16: Discontinuity in a lattice parameter at Ts (TN ) and Tr (marked approximately
by dotted red lines) for representative 10% and 34% samples of Sr1 − x Nax Fe2 As2 . Definition
of atet provided in text.

4.1.2.2

Magnetism

Figure 4.17 shows the doping dependence of the magnetic moment observed at 10K.
Similar to the result shown in Section 4.1.1.3, the magnitude of the moment is seen to decrease with increased dopant concentrations. There are, however, two notable departures
from the behavior observed in any of the BaFe2 As2 materials: the magnetic moment is
significantly larger and the magnetic ordering persists to substantially higher dopant concentrations. In the parent SrFe2 As2 compound the magnetic moment at 10K approaches
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MSr (10K) ∼ 1.0µB /F e [131] whereas in BaFe2 As2 the moment is 30% smaller being no
more than MBa (10K) ∼ 0.7µB /F e [89]. It has been established that the square of the magnetic moment is proportional to the Néel temperature in these materials [89], therefore the
larger magnetic moment of SrFe2 As2 is consistent with its higher TN of 205K, more than 50K
higher than that of BaFe2 As2 . It is not surprising, then, that magnetic ordering is seen in
compositions up to x = 0.45 a value significantly higher in composition than in the similarly
doped Ba1 − x Nax Fe2 As2 material whose magnetic ordering is completely suppressed by a Na
concentration of 29% [101]. As will be shown in Section 4.3 this more robust O-AFM phase
will allow for the formation of a more well ordered T-AFM phase.
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Figure 4.17: Magnetic moment of Sr1 − x Nax Fe2 As2 extracted from Rietveld refinements
performed using POWGEN data collected at 10K. Curved line is meant as a visual guide.

It is interesting that the smaller Sr ion is capable of affecting such a robust magnetic
ordering when compared to Ba. While it is somewhat intuitive to attribute the strengthening of the magnetic phase to the size difference of the ions it must be a more subtle effect.
Previous studies have shown that external pressure applied to the undoped BaFe2 As2 rather
than strengthening the magnetic correlations actually weaken them suppressing the SDW
and, at high enough pressures, even stabilizing SC [132]. While the smaller Sr atom might
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be expected to have a similar effect - working as internal pressure within the unit cell - the
compound Ba1 − x Srx Fe2 As2 was found to never become SC and that TN was actually enhanced as x increased [118]. Furthermore, SrFe2 As2 behaves almost identically to BaFe2 As2
under applied pressure: TN drops and SC is stabilized albeit, unexpectedly at even higher
pressures [133]. Even the work shown previously in Section 4.1.1.3 demonstrated that in
BaFe2 (As1 − x Px )2 though P substitution contracts the unit cell magnetic ordering is only
suppressed. Therefore, the enhancement of TN between Ba and Sr shown in Reference [118]
must be due to anisotropic effects in contrast to the hydostatic pressure used in the referenced experiments and witnessed by the relatively flat c/a curve in Figure 4.6. When
comparing BaFe2 As2 to SrFe2 As2 , c/a is seen to decrease from 3.272 to 3.150 a change of
∼ 4%. Sr, rather than affecting an isotropic contraction of the cell, impacts the c direction preferentially, while barely changing the spacing in the basal plane. This causes the
AFM aligned Fe-Fe planes to more strongly interact while not similarly reducing the spacing between FM stripes in the basal plane and thus strengthens the magnetic ordering (see
Figure 4.4). Meanwhile in the case of hydrostatic pressure or isovalent substitution the relatively isometric contraction of the cell brings the co-linear AFM moments within the Fe-Fe
planes closer and in doing so increases the energetically unfavorable interaction.
The intensity of the

11
3
22

magnetic peak follows a predictable behavior which makes it

useful in the determination of the magnetic structure’s properties. Figure 4.18(a) shows the
11
3
22

magnetic peak above and below TN demonstrating the behavior previously described

in Section 4.1.1.3 where new peaks are seen upon the establishment of magnetic order. By
collecting scattering intensity on the position of this peak, a temperature dependence such as
that shown in Figure 4.18(b) is created. In Section 4.2, this strong temperature dependence
of the intensity will be used as natural analogue order parameter for the magnetic moment,
allowing for its use in a type of power-law fit analysis. Here it is only presented to demonstrate
the arrival of new peaks in the O-AFM phase.

In te n s ity (a rb . u n its )

118

(a )

(b )

x = 2 9 %
(1 /2 1 /2 3 )

1 3 K

1 7 0 K

4 1

4 2

2 θ (d e g )

4 3

0

3 0

6 0

9 0

1 2 0

1 5 0

T (K )

Figure 4.18: (a) 2θ scans of the magnetic 12 12 3 peak above (red) and below (black) TN of
Sr0.71 Na0.29 Fe2 As2 . (b) Temperature dependence of the same peak obtained by collecting on
the point of maximum intensity of the peak in (a) and scanning in temperature.

4.1.2.3

Internal Parameters

In previous sections, it was necessary to invoke certain properties of the Fe2 As2 layers in
order to properly explain the observed temperature and composition dependencies, without
ever adequately establishing the mechanics of bonding within the layer itself. Yet, from
these discussions, the importance of this layer’s geometry to the general properties of the
material is manifest. Indeed, in Section 4.1.1.2 it was seen that the most drastic effect
of P substitution was on the bonding in the Fe2 As2 layer - suggesting that the difference
between BaFe2 (As1 − x Px )2 and the other non-SC isovalently substituted materials was the
effect of chemical pressure in these vital tetrahedra. In this section, the internal parameters
of Sr1 − x Nax Fe2 As2 will be discussed and a further significance to the subtle structure of the
Fe2 As2 layers will be established.
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The two effects of doping Na for Ba have previously been delineated as an ionic radius
mismatch and a reduction in charge from a charge compensated state. When describing the
behavior of the lattice it was found that these two effects are in some ways adversarial, with
the charge shift ultimately being the more significant. In considering the Fe2 As2 layers it
will be seen how this effect overwhelms the overall contraction of the cell expected from the
smaller A site atom and causes the c lattice direction to expand.
In the Fe2 As2 layers the Fe position forms a nominally square Fe-Fe sublattice with the
As sites positioned above and below the plane. In this arrangement the primary bonding
occurs between Fe and As with every Fe site tetrahedrally coordinated by four As atoms all
with equivalent bond lengths (see the intro of this chapter for more details). This Fe-As bond
has been found to be quite robust, generally exhibiting little temperature or composition
dependence (save for the special case of isovalent substitution described in Section 4.1.1.2)
[101]. Despite this prominence of the Fe-As bond, interactions within the Fe planes also
must be considered. In the Fe sub-lattice the average reported Fe-Fe distance is well within
the range that bonding might be expected and, significantly, this bonding has been found
to be primarily anti-bonding in nature [134]. Therefore, the structure of these Fe2 As2 layers
is a balance of maximizing the strong Fe-As bonding, which should be expected to pull the
Fe and As closer together, while also minimizing the overlap between neighboring Fe sites.
It is in this balance that hole-doping significantly impacts the structure.
As stated, the introduction of Na+ ions reduces the number of donor electrons within
the A layer. This reduction in charge directly decreases the valence of Fe, raising its oxidation state above the Fe2+ expected for the charge compensated compound. By raising
the oxidation state, Na doping relaxes the energetically unfavorable Fe-Fe antibond which
allows neighboring Fe atoms to be pulled closer together causing the contraction of the aaxis reported in Section 4.1.2.1. This contraction, coupled with the rigidity of the Fe-As
bond, causes an expansion of the unit cell along the c direction. This behavior overwhelms
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any lattice adjustment to the smaller average A site. Here, it is instructive to use the cases
of isovalent substitution to separate out these two effects and see how the material might
respond simply to changing the ionic size. While the site which is being substituted in
BaFe2 (As1 − x Px )2 makes it less than ideal for this purpose, in Ba1 − x Srx Fe2 As2 the smaller
isovalent Sr2+ replaces Ba2+ and so effectively allows for the elucidation of how the smaller
size of an ion on the A-site should effect the structure. In Ba1 − x Srx Fe2 As2 , the lattice is seen
to undergo an anisotropic contraction effecting the c direction preferentially and leaving the
basal plane nearly untouched - in stark contrast to the elongation along c observed here [118].
Furthermore, Ba1 − x Srx Fe2 As2 is never found to be SC for any composition. Therefore, it is
obvious that the change in Fe’s valence is the more important factors.
Figure 4.19(e) shows the composition dependence of the Fe-As and Sr-As bond lengths.
Here the rigidity of the Fe-As bond is manifest. For compositions 0.10 ≤ x ≤ 0.50 Fe-As
is essentially constant, changing by only -0.2%, in agreement with previous reports for the
hole-doped BaFe2 As2 materials [89, 101]. Yet, over this same range the a and b lattice
parameters change by -1.2% and 1.1% respectively while the oxidation state of Fe changes
from +2.05 to +2.25 - significant modifications which, in the former’s case, must reflect
changes of bond parameters within the unit cell. Furthermore, as shown in panels a-d the
Fe-As bond shows very little temperature dependence changing, similarly, by no more than
0.2% for any measured sample of a temperature range of more than 170K.
This robust rigidity of the Fe-As bond dictates that the changes in the lattice and consequent contraction along the Fe-Fe bond must be compensated exclusively by the inter-layer
spacing (the bonding between the alternating Fe2 As2 and Sr(Na) layers) and the tetrahedral
As-Fe-As bond angles. Considering the former of these, Figure 4.19(e) shows the Sr-As spacing as a function of composition. Unlike the Fe-As bond it shows a significant change over the
range of measured compositions and follows a trend similar to the composition dependence
of the lattice. As the Fe-Fe bond contracts the Fe-As distance remains constant and so the
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Figure 4.19: (a-d) Temperature dependence of the Sr-As and Fe-As bond lengths for the
29%, 32%, 34% and 45% samples. Open symbols represent the split Sr-As bond in the
orthorhombic phase. (e) The composition dependence of Fe-As and Sr-As at room temperature.

orientation of the Fe-As bond within the unit cell must rotate to be more co-linear with the
c-axis. This shift pushes the As higher above the Fe-Fe plane and part of this increase in
the As height is compensated for by pushing Sr and As closer together as is demonstrated
by the negative slope in the composition dependence of Sr-As. However, though the Sr-As
bond decreases this does not compensate for all of the observed change Fe2 As2 layer geometry. Therefore, a portion of the reorientation of the Fe-As bond is compensated for by the
decrease in the Sr-As distance while the rest causes the elongation of the c-axis.
The averaged Sr-As spacing (shown in Figure 4.19(a-d)) exhibits little temperature dependence. In general, the changes to the lattice size in these materials are more significantly
effected by doping than over the temperature ranges measured here (as might be expected).
However, at the orthorhombic and re-entrant tetragonal transitions this Sr-As bond splits
and reunifies similarly to the a and b lattice parameters, and in the orthorhombic structure
there is a significant divergence of the bond lengths saturating at a ∼ 0.02 Å difference at
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10K for the 29% sample. It is interesting to note the difference between the temperature
dependencies of the Fe-As and Sr-As bonds in these four compositions. While in the 29%
and 45% samples the bonds are seen to slightly converge, in the 34% and particularly the
32% samples the angles seem to converge for T > 75K and then diverge for with lower temperatures. Though it is noted here, the reasoning for this behavior will be discussed later in
this section and in Section 4.3.
With the rigidity of the Fe-As bond, the compensating behavior of the Sr-As spacing and
the strong contraction of the Fe-Fe plane established it is now instructive to determine how
the tetrahedral angles reorient to accommodate the changing unit cell. Figure 4.20 shows
the composition dependence of the As-Fe-As angles. It is notable that the angles exhibit
a linear composition dependence even while the rest of the lattice, particularly V, shows a
slight but significant non-linear behavior. The linear-like behavior allows for the angles to be
fit using a simple linear regression and the angles of the parent SrFe2 As2 material as well as
the composition at which the perfect tetrahedral angle is achieved (when α1 = α2 at 109.46◦ )
to be estimated. The extrapolated angles of SrFe2 As2 are significantly closer to 109.46◦ than
in the BaFe2 As2 material. While the difference (∆α = |α1 − α2 |) seen here, at 300K, is
less than 1◦ in BaFe2 As2 ∆α is more than 2◦ [101]. The anisotropic response of the lattice
to the smaller Sr atom (discussed in Section 4.1.2.1) together with the rigidity of the Fe-As
bond and relative softness of the Sr-As spacing leads to the more isotropic Fe2 As2 layers.
From this starting point then, as the valence of Fe is reduced with doping the Fe-Fe distance
decreases and the Fe-As bond becomes more perpendicular to the basal plane describing a
closing of the α1 angle and a compensatory divergence of the α2 angle. Unlike the behavior
seen in BaFe2 (As1 − x Px )2 where doping drove the angles to diverge, here at first the opening
of α2 and closing of α1 drives the FeAs4 tetrahedra closer to the perfect tetrahedral angle quickly converging by a concentration of 13.5% before then diverging with increased doping.
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Figure 4.20: Composition dependence of the As-Fe-As tetrahedral angles at (a) 300K and (b)
10K for the Sr1 − x Nax Fe2 As2 series. Linear fit lines are added to estimate the approximate
composition at which α1 = α2 . In (b) for compositions exhibiting the orthorhombic distortion
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α2 was determined as the average value of α2 and α2 .

Interestingly, the composition at which the angles converge (x109.46◦ ) exhibits a significant temperature dependence and as shown in Figure 4.20 changes from 13.5% at 300K to
nearly 30% at 10K. That this crossing point should show a temperature dependence is not
surprising considering the relaxation of the c/a ratio seen in Figure 4.14. If, as has been
suggested [89, 101], this configuration, where the local environment of the Fe site returns
briefly to a higher symmetry, correlates to the observed SC properties then the composition
wherex109.46◦ is achieved becomes especially significant. In the hole-doped BaFe2 As2 systems
it was noted that x109.46◦ occurs close to the maximum measured Tc and it was surmised
that this higher symmetry state might correspond to the optimal composition, however,
here x109.46◦ occurs far below the maximum Tc calling into question the generalization of this
correlation. It is possible that the higher magnetic ordering temperature in Sr1 − x Nax Fe2 As2
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disallows the material from achieving its maximal Tc and some support for this is found from
modeling of the SC dome in the Ba1 − x Kx Fe2 As2 system using a Lindhard function which
predicted the composition dependence of Tc in the absence of strong AFM ordering [89, 135].
In these studies the SC dome was expected to persist and even peak within compositions
which experimentally exhibit AFM ordering. If this model is correct then the optimal Tc in
Sr1 − x Nax Fe2 As2 may be at the composition x109.46◦ it, however, goes unrealized due to the
strong magnetic ordering at this composition. Later in this chapter, another scenario will
be suggested for the significance of x109.46◦ which will relate it to the re-entrant tetragonal
phase rather than to the value of Tc .
This strong temperature dependence of x109.46◦ suggests that, unlike the bond lengths,
the As-Fe-As angles should exhibit a significant temperature dependence. Figure 4.21 a-d
show temperature dependence of the As-Fe-As bond angles for the same four compositions
shown in Figure 4.19. Perhaps most obvious is the behavior of α2 at Ts and Tr where it
splits and converges as expected - all four compositions show the orthorhombic distortion
with the 32% and 34% showing the re-entrance to the tetragonal symmetry. The magnitude
of the split in α2 is seen to roughly scale with the orthorhombic distortion where the lower
doped 29% sample exhibits ∆α of ∼0.5◦ while by 45% this splitting is less than 0.1◦ . However,
more noteworthy, is the temperature dependence of α1 and the averaged α2 (shown as dotted
lines in the orthorhombic phase). While no significant qualitative difference was observed
in the lattice parameters, the angles’ behavior is strongly dependent on the composition.
In compositions 29% and 32% α1 and α2 appear to converge with decreasing temperature,
meanwhile higher compositions show very little temperature dependence at all. Noting the
closeness of the angles of the two lower composition samples to 109.46◦ , it is tempting to
ascribe this behavior to a special preference of the Fe2 As2 layers for configuration as perfect
tetrahedra. Considering other analyses presented above, it seems unlikely and unsupported
that the lattice is significantly more sensitive to the introduction of Na near the parent
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compound than at higher dopings - the lattice anisotropy is linear in composition throughout
this range. Therefore effects other than just the contraction of the lattice due to substitution
must be contributing to the observed behavior of the Fe2 As2 layers such as changes of
the magnetic exchange interactions, however, more work is needed to fully understand this
behavior.
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32%, (c) 34% and (d) 45% of Sr1 − x Nax Fe2 As2 . Angles α2 and α2 are denoted by open
circles. Linear fits describing the average behavior of these split angles have been added as
a visual aid.

4.2

Simultaneity of Transitions and Magneto-Elastic Coupling

In the preceding discussion of BaFe2 (As1 − x Px )2 and Sr1 − x Nax Fe2 As2 the structural and
magnetic properties have been treated almost entirely separately. This was done in part to
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simplify the discussions but more so to handle the special significance of their coupling on
its own. In this section, the nature of these transitions and their relation to one another
will be established, providing much of the groundwork necessary for the discussion to come
in Chapter 5 which will focus on how the nematic and spin degrees of freedom (which
correspond to the structural and magnetic transitions) drive the behavior of the FBS. It is
important to first establish how the Ts and TN are related in two dimensional composition
and temperature space and how the two transitions compare in their natures.
In the parent compounds BaFe2 As2 and SrFe2 As2 , the simultaneity of the magnetic and
structural transitions has been well established [102, 133, 136]. However, how the coupling
of these two parameters evolves as a function of doping is not as clear and there is no a priori
reason for them to remain simultaneous. Furthermore, the different doping regimes might be
expected to influence these two transitions separately and how this occurs for hole-doping,
electron-doping and isovalent substitution is unmistakably important in determining how
these shifts in the charge and structure are influencing the relative strengths of the relevant
fluctuations. Ultimately, the determination of the primary order parameter is essential to
understanding the mechanism of SC in the FBS.
Since the initial discovery of the FBS, the nature of the coupling between the structural
and magnetic transitions has been the focus of intense theoretical work, much of which
specifically attempts to explain the proximity of these two transitions in temperature and to
understand how the structure and magnetism interact at the transition [108, 129, 130, 137,
138, 139]. Part of the result of such work has been the development of global phase diagrams
which essentially relate the strength of the coupling between these two transitions to their
simultaneity and nature. Such models provide possible methodologies for tuning the system
between several different regimes - first-order simultaneous, second-order simultaneous, separated first(second)-order structural(magnetic) and fully separated second-order transitions through controlling the relative separation in onset of the two forms of short-range ordering.
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Ostensibly, this relationship is tunable through the different forms of doping. Understanding
how to practically reach these distinct regions through the use of different doping regimes
is important to understanding how the diverse types of doping affect these two forms of
ordering and therefore giving the ability to probe the fundamental dynamics controlling the
phase behavior of these systems.
As an example of how the doping can change the relationship of these magnetic and
structural fluctuations, Ba(Fe1 − x Cox )2 As2 serves well. In this system, the simultaneity of
the transitions in the parent BaFe2 As2 compound is removed through doping, leading to
second-order, temperature separated structural and magnetic transitions. This influence
is seen to be doping dependent within the system with a larger temperature separation
(∆T = Ts − TN ) developing as the concentration of Co is increased qualitatively described
by a quicker suppression of TN than of Ts [97, 140]. In the above described theoretical
paradigm, ostensibly this indicates that the introduction of extra electrons suppresses the
short range magnetic fluctuations which are the precursor to the magnetic transition with
prejudice. It is intriguing that the effects of doping may suppress the magnetic ordering and
orthorhombic distortion differently and it is a subtle point to understand how suppression
of one form of ordering might influence the other. For instance, it can be asked if Co doping
is suppressing the magnetism which is in turn causing the orthorhombic distortion to be
suppressed through a higher-order interaction, or if it is simultaneously influencing the two
transitions via two separate mechanisms. In this section, the transitions of BaFe2 (As1 − x Px )2
and Sr1 − x Nax Fe2 As2 will be closely examined in order to determine how hole-doping and
isovalent substitution affect the nature of these transitions and their coupling.
As hinted at previously (Sections 4.1.1.1 and 4.1.1.3) an exceedingly useful method for
the determination of the transition temperatures is found in the standard use of powerlaws to describe order parameters near critical temperatures. Though little thought was
given, previously, to its validity as a technique, in this section, some of its subtleties will
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become important and so it will be introduced more properly here, albeit in a minimalist
manner. This treatment of phase transitions (Landau mean field theory) is well developed
and empirically has been found to work quite consistently. The starting point for these
analyses is that the Gibbs free energy (G) of a system may be approximated by a power-law
expansion in terms of the order parameter (m) in the proximity of the critical temperature:

G(m, T ) = a(T ) + a1 (T )m + a2 (T )m2 + a3 (T )m3 + a4 (T )m4 + a5 (T )m5 + ...

(4.1)

From this starting point, assuming symmetry about the order parameter (G(m, T ) = G(−m, T ))
and setting conditions for the behavior of the coefficients leads to a solution [12] for the order
parameter of the form:

m(T ) = ±(A/Tc )1/2 |Tc − T |1/2

(4.2)

where A is a scale factor. However, it is well known that these simplifications in general lead
to a poor ability to fit experimentally determined critical phenomena. If the formulation is
generalized to have a parameterized exponent:

m(T ) = ±(A/Tc )|Tc − T |α

(4.3)

empirically it has been found to quite accurately reproduce the behavior of order parameters
at the critical temperature over a diverse range of systems. Considering the simplified
starting point of the free energy expansion, it is not surprising that this relationship should
need modifications to account for the properties of real materials. Indeed a theoretical
treatment which aimed to account for impurities among other effects not generally treated
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in mean field theories found that most such non-ideal properties manifest as a divergence of
the critical exponent from its nominal value [141].
Using Equation 4.3, the transition temperature (Ts ) where the order parameter (m → δ)
attains a non-zero value may be easily determined, allowing for the consistent determination
of critical temperatures without needing to appeal to more subjective methods. Furthermore
the parameter α is particularly useful for roughly categorizing the nature of the transition
as it relates to deviations from the idealized configuration [12].

4.2.1

Structural Transition

Figure 4.22 shows the orthorhombic order parameters calculated using δ = (a − b)/(a + b)
of the x = 11.5%, 19.0% and 20.5% samples of BaFe2 (As1 − x Px )2 fit using the power law
described above. As can be seen, Equation 4.3 is able to fit the observed temperature
dependence fairly well thus validating the use of this technique. It should be noted that
the equation obtained for the order parameter is only strictly viable for second-order phase
transitions, yet in Section 4.1.1.1 the structural transition was established to be first-order.
While the first-order character is present (as unmistakably seen in the lattice anomaly) it
was conjectured that the nature was only weakly first-order due to the slightness of the
discontinuities; the ability of this theory to accurately replicate the behavior of the order
parameter corroborates the weakly first-order nature. This is further supported by the fit
values for the critical exponents between 0.0134 ≤ βs ≤ 0.179: relatively small values
significantly lower than the predicted value indicative of a first-order character.
It has been predicted that with increased doping that the first-order character of the
parent compound’s transition should become progressively more second-order [130]. Such
behavior is clearly seen here in the doping dependence of the critical exponent. Figure 4.23(a)
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Figure 4.22: Power-law fits for the orthorhombic order parameter δ of three compositions
x = 0.115, 0.190 and 0.205 of BaFe2 (As1 − x Px )2 . The determined fit parameters As , Ts and
βs are shown in each panel.

plots βs (x) and as seen βs progressively increases nearly exponentially with doping, changing from the parent compound’s βs = 0.129 to 0.198 for x = 0.25 which is the highest
composition sample still exhibiting the orthorhombic distortion. As will be seen later in
this section, the magnetic and structural transitions are coupled in BaFe2 (As1 − x Px )2 and
Sr1 − x Nax Fe2 As2 and this coupling strengthens the first-order nature of either transition,
however, as described earlier, both transitions are not necessarily similarly affected by doping. This is true especially in the case of hole- or electron-doping, either of which directly
change the FS: the magnetism is acutely dependent on the extent of the hole and electron
like pockets while the orthorhombic distortion is only so indirectly. Therefore, as doping disrupts the mechanism of magnetic ordering the coupling of the transitions weakens, though
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never completely decoupling in these materials, which in turn makes the transitions more
second-order in character.
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Figure 4.23: Composition dependence of (a) βs and (b) As for BaFe2 (As1 − x Px )2 . Values
obtained from fits as described in text.

Figure 4.23(b) shows the composition dependence of the power-law fit’s scale factor. Surprisingly, this parameter exhibits an ostensibly linear dependence. Noting this observation,
As can be used to determine the critical composition, above which the orthorhombic distortion has been completely suppressed. Performing a linear fit, As is found to extrapolate to
zero at a composition of x = 0.28(1). Unexpectedly, this value is similar to those found for
the two hole-doped BaFe2 As2 materials being xcritical = 0.252 and 0.3 for Ba1 − x Nax Fe2 As2
and Ba1 − x Kx Fe2 As2 respectively [89, 101] yet significantly larger than for the electron-doped
Ba(Fe1 − x Cox )2 As2 whose critical composition is ∼ 0.06 [97]. This again draws attention to
the mechanism of isovalent substitution. In the case of Ba(Fe1 − x Cox )2 As2 , the relatively low
critical composition is believed to be due to the inherent disorder caused by doping directly
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into the Fe2 As2 layers, yet here, where doping is similarly occurring in these vital layers, the
orthorhombic distortion is suppressed more gradually. The difference in BaFe2 (As1 − x Px )2
is in the relatively clean nature of isovalent substitution which, unlike electron-doping, is
not adding extra scattering sites in the form of more charge. But this dissimilarity does not
explain how similar quantities of P to Na or K are needed to suppress Ts . As discussed earlier
in this chapter, the effects on the structure of P substitution are not directly similar to either
of the hole-doped systems, so it is interesting that similar levels of doping are required to
suppress the orthorhombic distortion though a different mechanism may be involved. More
study is needed to better understand the strange case of BaFe2 (As1 − x Px )2 and how it relates
to the other 122 SC.
Figure 4.24 shows plots analogous to Figure 4.22 for two compositions of the Sr1 − x Nax Fe2 As2
material. Unfortunately for this analysis, the presence of the T-AFM phase disrupts the behavior of δ and invalidates the use of Equation 4.3 save for in compositions which are cleanly
O-AFM. Similar analyses of the fit parameters to those performed above are not possible
due to the dearth of suitable compositions, however, the qualitative behavior of the critical
exponent is seen to mirror that of the BaFe2 (As1 − x Px )2 material. From the parent compound’s βs = 0.098 (taken from Reference [103]) βs is seen to increase with the composition,
again in confirmation of the predicted change from first-order to second-order nature with
increased doping. The scaling factor in Sr1 − x Nax Fe2 As2 is seen to be significantly higher
than in BaFe2 (As1 − x Px )2 an observation which is consistent with two differences between
the two materials: the first being the higher Ts of SrFe2 As2 relative to BaFe2 As2 and second the higher critical composition observed in Sr1 − x Nax Fe2 As2 , which was determined in
Section 4.1.2.1 to be greater than 45%. It is notable that despite the two different parent
compounds and different doping regimes these two systems have similar critical exponents
for the under-doped compositions, which are further consistent with Ba1 − x Nax Fe2 As2 [101]
and Ba1 − x Kx Fe2 As2 [89]. The difference in parent compounds suggests that this correlation
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might be more than simply due to being near identical parent compounds (as might be the
case for BaFe2 (As1 − x Px )2 , Ba1 − x Nax Fe2 As2 and Ba1 − x Kx Fe2 As2 ), instead the similarity
in the critical exponent should be related to the shared mechanism driving the structural
distortion in these materials.

0

. 0

0

5

1

. 0

0

4

0

. 0

0

3

0

. 0

0

2

0

. 0

0

1



0

A
s

T
s



=
=
=

0

. 5

0

2

( 5

2

2

%

)

A
s

1

8

4

. 3

( 2

)

K

T
s

0

. 1

4

1

( 3



)

s

1

6

0

=
=
=

0

. 1

1

3

0

. 2

8

7

0

. 7

4

( 1

6

0

%

)

( 8

( 2

9

)

K

)

s

1

6

5

1

7

0

1

7

5

1

8

0

1

8

T

5

0

( K

2

5

5

0

7

5

1

0

0

1

2

5

)

Figure 4.24: Power-law fits for the orthorhombic order parameter δ of two compositions x =
0.12 and 0.29 of Sr1 − x Nax Fe2 As2 . The determined fit parameters As , Ts and βs are shown
in each panel.

4.2.2

Magnetic Transition

In the characterization of the magnetic transition, a similar analysis to that used for
the structure can be performed; using the magnetic moment as the order parameter for the
magnetic phase. The justification for this modeling is established in the well developed two
dimensional Ising model [142] particularly applicable here due to the pseudo 2D nature of the
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magnetism whose primary interactions are within the square Fe-Fe sublattice. Furthermore,
this theory has proven successful in modeling the magnetism in these materials in many
previous studies [89, 101, 143, 144] and so it will be used here. The 2D Ising problem
describes a square lattice where each lattice point can be in one of two configurations. From
this simplistic model a temperature dependence near the critical temperature of the order
parameter which is, in this case, the spontaneous magnetization takes a familiar form:

m(T ) = C0 (Tc − T )β

(4.4)

nearly identical to that of Equation 4.3, here β = 1/8 and C0 is a scaling constant [12, 145,
146].
Figure 4.25 shows power-law fits to the magnetic moment obtained from Rietveld refinements performed using NPD data collected on POWGEN. Because of these materials’
weak magnetism (M < 1µB /F e) which becomes weaker upon doping, only compositions
well in the under-doped region exhibited magnetic scattering strong enough to reliably fit
using Rietveld refinements. Further complicating this work, and similarly to the structural
fits described in the preceding subsection, the T-AFM phase and its magnetic reorientation
disallow the application of this analysis technique to compositions of Sr1 − x Nax Fe2 As2 within
the T-AFM dome. However, in-spite of these restrictions this analysis will prove especially
useful: its application combined with the structural analysis, performed previously, allow
for the structural and magnetic transitions to be determined from the same measurement.
This removes any uncertainty inherent to disparate measurements performed using different
beamlines, or distinct experimental methodology and therefore, significantly increases the
confidence in the relative transition temperatures.
In accord with studies on other members of the 122 family, the power-law fit is seen
to nicely replicate the behavior of the magnetism for these materials. However, while the
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Figure 4.25: Power-law fits for the refined effective magnetic moment M for compositions
of BaFe2 (As1 − x Px )2 (first two panels) and Sr1 − x Nax Fe2 As2 (third panel). The determined
fit parameters AN , TN and βN are shown in each panel. A power-law identical to that used
in the structural analyses was employed. The respective parameters have been labeled by a
subscript N or s to indicate parameters associated with TN and Ts respectively.

critical exponent of the 29% Sr1 − x Nax Fe2 As2 sample is reasonably close to the expected
value of 0.125, the two BaFe2 (As1 − x Px )2 samples’ βN are anomalously low. Considering
the results of such fitting to the 19% P sample (not shown here) which returns a critical
exponent of 0.14, it is unlikely that these values actually represent a significant departure
from the 2D model. The low values are more likely an artifact of the Rietveld refinements’
determination of the magnetic moment, which can be effected by low signal to background,
possibly overlapping impurity peaks and preferred orientations. As the magnetic signals
were particularly weak in these samples, the specifics of the fits are less useful than they
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were in the case of the well resolved orthorhombic distortion and therefore, only the critical
temperature obtained from these fits will be meaningfully considered.

4.2.3

Magneto-Elastic Coupling

With the careful and consistent determination of the transition temperatures taken care
of, it is now possible to compare Ts and TN and elucidate how hole-doping and isovalent
substitution affect the magnetic ordering and the orthorhombic distortion. Table 4.4 compiles
the results of Sections 4.2.1 and 4.2.2 in a single table containing; Ts(N ) , βs(N ) and As(N )
for both BaFe2 (As1 − x Px )2 and Sr1 − x Nax Fe2 As2 . Considering first the BaFe2 (As1 − x Px )2
system, Ts and TN are found to agree remarkably well - being within one error bar of one
another for all measured compositions. Though only three compositions are reported here,
the coverage in composition is wide enough that should a divergence of Ts and TN similar
to that seen in Ba(Fe1 − x Cox )2 As2 occur, it should be visible in the 20.5% composition that no such separation is seen strongly suggests the simultaneity of the transitions, placing
a hard upper limit on any separation to within a degree K. Furthermore, because the Ts
and TN for each composition reported in Table 4.4 were determined from the same data set,
through the use of a consistent deliberate methodology, there is a high degree of confidence
in the accuracy of these temperatures and any systematic error should be an offset similarly
affecting both transition temperatures.
Figure 4.26 shows graphically the two transitions for compositions x < 30%. Ts and TN
are seen to remain simultaneous over the measured composition range: being similarly suppressed with increasing P concentration until both are fully suppressed with no measurable
orthorhombic distortion or magnetic ordering visible in the 29% sample. This is in stark
contrast to the previously discussed Ba(Fe1 − x Cox )2 As2 materials whose Ts and TN split by
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Table 4.4: Parameters extracted from power-law fits to the orthorhombic order parameter
and the refined magnetic moment for samples of BaFe2 (As1 − x Px )2 and Sr1 − x Nax Fe2 As2 .
x

Ts (K)

βs

As

TN (K)

βN

AN

BaFe2 (As1 − x Px )2
0.115

110.0(1)

0.134(8)

0.182(6)

110.4(8)

0.08(1)

60(3)

0.190

80.8(1)

0.142(4)

0.098(1)

80.3(9)

0.10(3)

26(3)

0.205

80.0(1)

0.18(1)

0.081(3)

80.0(5)

0.06(2)

34.4(1)

0.16(4)

57(9)

Sr1 − x Nax Fe2 As2
0.290

138.76(8)

0.240(2)

0.170(1)

139(1)

more than 20K [97]. This behavior is consistent only with strong magneto-elastic coupling,
where the presence of either magnetic ordering or an orthorhombic distortion implies the
presence of the other [130, 139]. In this interpretation, the strong coupling of the two order
parameters causes the transitions to be coincident and first order. For example, the onset
of the co-linear AFM ordering places an effective shear stress on the Fe plane which causes
the angle between the a and b lattice parameters (γ) to diverge from 90◦ describing the
simultaneous onset of the orthorhombic distortion [130]. Of course, this description could
also operate in the reverse order with an orthorhombic distortion lowering the degeneracy
between the tetragonal axes and inducing the ferromagnetic ordering along the shortened (a
- b) direction. The determination of which of these previously described scenarios is correct
is actually a very subtle yet important issue and will be the focus of Chapter 5.
The presence of the T-AFM phase prevents all but one composition of Sr1 − x Nax Fe2 As2
from being adequately modeled using the power-law fits to determine the magnetic and struc-
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Figure 4.26: Composition dependence of TN and Ts showing the simultaneity of the transitions for BaFe2 (As1 − x Px )2 .

tural transitions. As seen in Table 4.4 the Ts and TN of the x = 29% sample agree to within
one error bar: a similar precision to BaFe2 (As1 − x Px )2 and confirm that, as in previously
studied hole-doped systems, Sr1 − x Nax Fe2 As2 has coincident magnetic and structural transitions [89, 101]. While the methodology used to determine these transition temperatures
gives a high degree of confidence in their values (as previously discussed) it is nonetheless
instructive to compare these results to other measurements to further confirm this important
findings. Figure 4.27 shows the orthorhombic order parameter for the 29% Sr1 − x Nax Fe2 As2
sample over-plotted with the intensity of the

11
3
22

magnetic peak as measured via NPD on

HB-1A. In this case the magnetic intensity and structural distortion are determined from
two separate measurements, yet as seen these two parameters still appear clearly coupled.
Using a power-law fit to the intensity of the magnetic peak (which should be proportional to
the square of the magnetic moment) TN and βN were determined to be 139(1)K and 0.32(1)
respectively - a TN in excellent agreement with both the Ts and TN determined from the
refined parameters. Considering the critical exponent, the fit value seems anomalously high.
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However, this is an artifact of fitting the scattering intensity and magnetic moment with the
same power-law. In order to compare the critical exponents obtained the critical exponent
should be redefined as β → 2β to account for the scattering intensity’s proportionality to
the square of the magnetic moment. Once this correction is made the critical exponent of
the fit becomes β = 0.16, identical to the value of 0.16 determined from the refined magnetic
moment and reasonably close to the expected value of 0.125. Therefore, two independent
measurements of the magnetic transition have found it to be coincident with Ts and considering the parent compound it is probable that the two transitions remain simultaneous for
all compositions with magnetic ordering.
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Figure 4.27: Orthorhombic order parameter of Sr0.71 Na0.29 Fe2 As2 plotted with the intensity of
the magnetic 12 12 3 peak. Both parameters have been consistently scaled to allow comparison
of overall behavior.

It is worth noting the similar shape of the magnetic intensity and orthorhombic order
parameter (when properly scaled). This indicates that M 2 and δ are proportional and hints
at the presence of linear-quadratic coupling between these two order parameters. For the
magneto-elastic coupling to manifest in such a relationship will turn out to have important implications and what exactly they mean for the nature of these materials will be
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discussed in Section 5.1. For now, it is enough to conclude that the similarity in the behavior of the order parameters is indicative of strong magneto-elastic coupling. With this
observation, all measured properties point to the strong correlation between these two order
parameters: the coincident transitions, their first-order character and the similarity of their
temperature dependence. Comparing these results to the theory work discussed earlier, both
BaFe2 (As1 − x Px )2 and Sr1 − x Nax Fe2 As2 exhibit phase transitions which are dominated by
magneto-elastic coupling. Interestingly, in contrast to Ba(Fe1 − x Cox )2 As2 , the direct changes
to the FS caused by the introduction of holes in Sr1 − x Nax Fe2 As2 does not appear to decouple the transitions - the magnetism is not preferentially suppressed as was the case in
electron-doping [97]. This is a surprising observation, how electron-doping is able to decouple the transitions while hole-doping does not, is an interesting and subtle point. In
reference [97] Nandi et al. suggest that though TN is suppressed to temperatures below Ts
in Ba(Fe1 − x Cox )2 As2 short range magnetic fluctuations begin at temperatures near Ts and
so may still be responsible for the orthorhombic distortion. They further propose that the
weakening of long range magnetism is due to the AFM phase’s strong competition with SC.
While there is no obvious reason why these considerations are not applicable to the holedoped materials, it is obvious that the two doping regimes affect the FS in different ways and
the difference in their behavior may be due to how the FSN believed to cause the AFM order
is suppressed by the redistribution of FS area to the hole or electron pockets. Nonetheless
if the presence of short range magnetic fluctuations are expected to be responsible for the
orthorhombic distortion in Ba(Fe1 − x Cox )2 As2 then all doping regimes seem to suggest the
importance of magnetism in driving the phase dynamics of these materials - and therefore
their likely importance in the SC mechanism.
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4.3

Novel Magnetic C4 Phase

It is somewhat surprising that despite the large body of research built around the ironarsenide SC, recently, an entirely new phase was discovered in the hole-doped compounds.
This new phase is characterized by a re-entrant tetragonal structure which, unexpectedly,
exhibits magnetic ordering [127, 128, 147]. While a non-magnetic re-entrance to the paramagnetic tetragonal phase has been observed in Ba(Fe1 − x Cox )2 As2 , ordered magnetism has
never been previously reported in the tetragonal structural symmetry. In fact, the strong
magneto-elastic coupling, demonstrated in the previous section, has led to the widespread
consensus that whether the magnetism was driving the structural transition or the structural
distortion was allowing magnetism, magnetic order was not possible without the orthorhombic structure either to establish or resulting from the broken symmetry of the stripe type
AFM. As will be established in this section and then discussed in the following chapter, by
showing magnetic ordering without the orthorhombic structural distortion, this C4 phase (socalled for the four fold rotation axis of the tetragonal structure) has significant implications
for the dynamics of these systems, and, therefore, the elucidation of its magnetic structure
as well as its temperature and composition dependence are of significant importance.
The C4 phase was first discovered in NPD experiments performed on Ba1 − x Nax Fe2 As2
as reported in Reference [127]. In this study, several compositions were seen to re-enter
the tetragonal structure from within the O-AFM phase. Coincident with this structural
re-entrance, the magnetic structure was seen to exhibit a reorientation, where the scattering
intensity between the observed magnetic peaks was redistributed. This unexpected behavior
was observed for a series of compositions starting beyond the onset of SC and extending
only to the full suppression of AFM ordering. The extent this phase in temperature was
therefore somewhat limited forming below the onset of the O-AFM phase (which occurs
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60K < TN < 100K for the relevant compositions) at temperatures Tr of ∼ 45K and persisting
to the lowest measured temperatures[127]. Taken alone, the structural return to a higher
symmetry upon cooling is unusual, however, the stabilization of a magnetically ordered state
in this tetragonal symmetry is an exciting, novel and unexpected behavior. Unfortunately,
the limited temperature and composition range over which this new phase was stabilized in
the original compound made it somewhat difficult to study. Because of the presence of two
first-order structural/magnetic transitions and the stablization of SC (which suppresses the
magnetic ordering) all wihtin a relatively small temperature range, the material was never
found to transform completely into the C4 phase. Looking to other hole-doped Ba systems,
C4 re-entrance was also discovered in Ba1 − x Kx Fe2 As2 however, recent work [147] has shown
this material to have an even smaller region of stability further limited by a re-entrance to the
O-AFM state at temperatures near Tc - K doped Ba 122 does not alleviate the restrictions
found in the Na material.
As a quick aside: though this phase is usually referred to as the C4 phase this moniker
is somewhat imprecise and could accurately be used to describe either the high temperature
paramagnetic tetragonal phase or this new phase. The terms C4 and C2 have been utilized
in the literature to denote the magnetic tetragonal and magnetic orthorhombic phase though
they only refer to the rotational symmetry and so are inherently ambiguous. Therefore in
order to minimize confusion, the previously introduced short-hand of T-AFM and O-AFM
will be used in all discussions for the AFM tetragonal C4 and AFM orthorhombic C2 phases
respectively.
In Section 4.1.2.1 a re-entrance of the tetragonal structural symmetry from the OAFM phase was seen in Sr1 − x Nax Fe2 As2 for a range of samples within the larger O-AFM
dome. This behavior is a departure from previous reports on the material [148, 149] and
is strongly suggestive of the T-AFM phase. Therefore, the structural re-entrance shown in
Figure 4.15 might be expected to be coupled to the magnetic reorientation which has become
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the hallmark of the T-AFM phase - it has been observated in both Ba1 − x Nax Fe2 As2 and
Ba1 − x Kx Fe2 As2 [127, 147]. In the polycrystalline samples measured in the cited studies, at
Tr the

11
1
22

magnetic peak increased greatly in scattering intensity while the

11
3
22

magnetic

peak lost intensity (peaks indexed in the PM tetragonal structure). This redistribution of the
scattering intensity is indicative of a magnetic reorientation (which will be more thoroughly
discussed in Section 5.3). Therefore, it will be instructive to carefully examine the
11
3
22

11
1
22

and

magnetic peaks of Sr1 − x Nax Fe2 As2 to look for this reorientation in the samples which

exhibit the tetragonal structure re-entrance (Trs ).
Figure 4.28 shows the temperature dependence of the
Looking first at the

11
3
22

11
1
22

and

11
3
22

magnetic peaks.

peak (panels a-e), the expected and previously described behavior

is seen. For x ≤ 0.45 the peak first shows scattering intensity at TN and then follows a
power-law behavior for T < TN . In these plots the scattering intensity has been corrected for
sample mass and counting time. Additionally, the background was individually determined
for each sample mount and subtracted. Therefore, it is meaningful to directly compare the
relative scattering intensities shown in the plots and, as expected, the intensity of the

11
3
22

peak is seen to decrease with increasing composition. Interestingly, there does appear to be a
slight deviation from this expected monotonic decrease in intensity for the 38% sample whose
11
3
22

peak shows nearly the same intensity as the 43% sample which should be expected to be

weaker - possible evidence of a suppression of this peak due to the magnetic reorientation.
The lower set of panels (f-k) show the

11
1
22

peak: where the magnetic reorientation should

result in a more definitive sign of the T-AFM phase. Starting with the 34% sample the

11
1
22

peak first appears with slight intensity at TN before undergoing a sudden and significant
increase in the scattering rate - jumping by an order of magnitude - at ∼ 65K. This behavior is
indicative of a magnetic reorientation (TrN ) and confirms that the structural re-entrance seen
in Section 4.1.2.1 was due to a transition into the T-AFM phase. Moving up in composition,
similar behavior is seen in the 38% sample, with an increase of an order of magnitude
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Figure 4.28: Normalized intensities of magnetic 21 12 3 (upper panels) and 12 12 1 (lower panels)
reflections for x = 29, 34, 38, 43, 45 and 48% samples of Sr1 − x Nax Fe2 As2 . The typical OAFM ordering behavior is seen clearly for the 29% sample where each peak saturates after
TN . The magnetic reorientation indicative of the T-AFM phase is seen starting with the
34% sample and continuing until 43% where O-AFM-like behavior is recovered.

seen in the

11
1
22

peak again at ∼65K. By 43% no significant increase in the

11
1
22

peak is

observed indicating that the T-AFM phase must exist for a range of compositions 0.29 <
x < 0.43 while strictly O-AFM phase behavior is seen in samples x ≤ 0.29 and returns
for compositions 0.43 ≤ x ≤ 0.45. It is now possible to explain the slight non-monotonic
behavior of the

11
3
22

peak for the 38% sample: the presence of the T-AFM phase while not

visible as an obvious dip in the intensity of the peak should be expected to ultimately reduce
its intensity relative to the value expected in the O-AFM phase. This causes the intensities
of the 34% and 38% samples to appear somewhat reduced having intensity redistributed
to the

11
1
22

peak. Meanwhile, the 43% sample shows the larger

11
3
22

peak of the purely

O-AFM magnetic structure. Consequently, the temperature dependencies shown here for
a full range of compositions were not used with the machinery developed in Section 4.2
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due to this modified behavior of the intensity in the T-AFM phase. Together with the
results discussed in Section 4.1.2.1 this magnetic behavior indicates a robust T-AFM dome
extending over ∆x ∼ 0.14 in composition space, considerably larger than that observed in
either of the other hole doped systems with ∆x being ∼ 0.02 and ∼ 0.04 for Ba1 − x Kx Fe2 As2
and Ba1 − x Nax Fe2 As2 respectively [127, 128].
Having established the T-AFM type magnetic reorientation in Sr1 − x Nax Fe2 As2 it is now
useful to compare the magnetic behavior with the structural transitions. Figure 4.29 shows
a diffractogram of the structural 112 peak (which splits into the 202 and 022 peaks at Ts ) as
well as the intensities of the

11
1
22

and

11
3
22

magnetic peaks all of the 34% sample. Monitoring

these three peaks simultaneously allows for all the structural and magnetic transitions to
be observed directly from the raw data. On cooling, at ∼100K the 112 peak begins to split
demonstrating the orthorhombic distortion. At the same time, the previously background
equivalent intensity seen at the

11
3
22

peak position begins to increase indicating the presence

of the O-AFM type magnetic ordering. With further decreased temperature (at ∼70K) the
split 112 peak exhibits a strongly first-order transition back into the tetragonal structure
where over a range of less than 5K the well separated 202 and 022 peaks discontinuously
collapse once again into a single tetragonal peak indicating Trs . Simultaneously, the

11
1
22

peak, which in the O-AFM phase had a scattering rate only a few counts above background,
shows a tremendous increase in scattered intensity (scaling by more than a factor of three)
indicating the above described magnetic reorientation has occurred. Here present in the raw
data, is clear evidence of the T-AFM magnetic phase, qualitatively identical for the 34%
sample as for the Ba1 − x Nax Fe2 As2 compounds in which it was first observed (see [127]).
It is an unfortunate limitation in the nature of the analysis presented here and in References [127, 147] that they do not allow for the unambiguous determination of the T-AFM
magnetic structure. The presence of relatively few magnetic peaks in the NPD patterns
leaves the problem under-defined and numerous models when implemented in Rietveld re-
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finements will equivalently reproduce the measured T-AFM patterns. As will be discussed
in Chapter 5, the initial observation of the T-AFM in powder diffraction studies led quickly
to the enumeration of the different possible magnetic structures which could account for
the above described change in scattering intensity [105] and though it is not possible to
distinguish between these models here the TOF NPD data does allow for the discrimination
between the canonical O-AFM model and a favored T-AFM model.
Figure 4.30 shows the final cycle Rietveld refinement calculated intensities for the 29% and
34% samples; samples which respectively belong to the strictly O-AFM and T-AFM phases.
The data which were collected at 10K using NPD show the magnetic
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and
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peaks with

significant intensity making them particularly suitable for magnetic refinements. Two models
were used to try and fit each data set: the well characterized Fc mm0 m0 AFM stripe model
where the Fe moment points in the ab plane and a model using the tetragonal PC 42 /ncm
magnetic space group (where the Fe moment has rotated out of the ab plane) suggested in
[105] and [127]. Consistent with the analysis presented above, while the Fc mm0 m0 model is
able to fit well the 29% sample, it over-fits the
fitting the
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peak in the 34% sample while under-

peak. Instead, if the PC 42 /ncm model is used, the calculated intensity for the

magnetic peaks accurately replicate the observed intensity and fit parameters are obtained
which reflect a reasonable goodness of fit. While this does not prove the accuracy of the
PC 42 /ncm model, it does confirm that the magnetic structure of the O-AFM phase is unable
to adequately account for the observed magnetic intensities.
It is worth quickly noting, that although the properties of the magnetic and structural
transitions to the T-AFM phase are unsuitable for the rigorous type of determination used
in Section 4.2, the nature and simultaneity of these transitions can still be determined. As
shown in Figure 4.29 the structural re-entrance occurs abruptly and a seemingly discontinuous collapse of the orthorhombic splitting is observed - strongly indicating a first-order
like nature to the transition. Furthermore, while a significant anomaly in the volume was
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Figure 4.30: Rietveld fits of orthorhombic and tetragonal magnetic models to the 29% and
34% samples of Sr1 − x Nax Fe2 As2 . Data collected at 10K on POWGEN. Indicated by arrows
are the 12 12 1 and 21 12 3 magnetic peaks.

not visible at Ts and the parameter atet was needed to see the first-order indicating lattice
anomaly, a visible kink is present in the volume plot of the 32% sample at Tr which is also
visible in the c/a plot (see Figure 4.14). Unfortunately, the existence of an established magnetic ordering at TrN complicates the use of power-law fits to describe the transition - the
magnetism itself is no longer a simple order parameter as it has a non-zero value before the
transition. Therefore, in order to consistently determine these transitions, linear fits to the
temperature dependence of the

11
3
22

magnetic peak and δ immediately before and after Tr

were performed and their intersection was taken as the final Trs and TrN . The results of this
method are reported in Table 4.5.
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Table 4.5: Trs and TrN for all Sr1 − x Nax Fe2 As2 samples in which the T-AFM phase was
observed. The determinations of Trs and TrN were similarly performed (as described in text)
by using finding the intersection of linear fits to the order parameters before and after the
transition.
x

Trs (K) TrN (K)
x-ray samples

0.29

15(4)

0.30

20(4)

0.32

50(3)

0.34

65(3)

0.40

65(3)

neutron samples
0.36
0.38

4.4

67(3)

65(1)
66(1)

Phase Diagrams

In the preceding sections of this chapter the temperature and composition dependence of
the phase evolution for BaFe2 (As1 − x Px )2 and Sr1 − x Nax Fe2 As2 have been carefully studied.
Each of the three phases in BaFe2 (As1 − x Px )2 and four phases in Sr1 − x Nax Fe2 As2 have been
scrupulously characterized identifying the specific structural and magnetic behavior in each
region. In carefully understanding each phase it was possible to identify the suitable order
parameters for each which, in turn, allowed for the robust determination of the transition
temperatures TN , Ts , Tr and Tc . With all of this information now at hand, it is possible
to create two dimensional composition and temperature dependent phase diagrams for each
material which will allow for a graphical summary of their phase evolution.
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The BaFe2 (As1 − x Px )2 material is the simpler of the two, not exhibiting the T-AFM phase
and so will be discussed first. Figure 4.31 shows the culmination of the work presented in Sections 4.1.1 and 4.2. Starting from the parent BaFe2 As2 compound the substitution of P onto
the As site is seen to, simultaneously, suppress the magnetic ordering and the orthorhombic
distortion. These transitions have been reported coincident for the parent compound and
are found to remain so for all compositions which exhibit the O-AFM phase measured in
this study. Both transitions are completely suppressed for grown samples with compositions
x ≥ 0.30 and exhibit an approximate power-law composition dependence. Similar x dependence has been seen in Ba1 − x Kx Fe2 As2 and Ba1 − x Nax Fe2 As2 as well as Ba(Fe1 − x Cox )2 As2 .
Unfortunately, the relatively few samples exhibiting the O-AFM phase make a power-law
fit to the structural or magnetic transition temperature less meaningful here than in previous studies of the related systems and therefore complicate the determination of the critical
composition xc (the composition beyond which there is no O-AFM phase). However, the
analysis in Section 4.1.1.3 which used a linear fit to the scale factors found in the temperature
dependent power-law fits allowed for a rough determination of xc as 27.9% thus defining the
edge of the O-AFM dome.
At a composition between 0.20 < x < 0.24 the material first becomes SC. Initially with
low Tc the transition continuously increases: quickly rising with increasing concentration to
the maximum Tc of 29.2K for x = 0.31. This onset of SC and rapid increase of Tc start only
once the coupled magnetic/structural transition (TOM ) drops below a threshold value of TOM
< 60K. As Tc increases, TOM precipitously drops until the optimally doped composition of
31% occurs just beyond the critical composition of 27.9%. This behavior belays the strong
competition between the SC and magnetic states. While the decrease in the transition
temperature of the O-AFM state is nearly linear for 0.0 ≤ x ≤ 0.2, SC arises only once
the quick suppression of TOM near xc has begun. Tc then increases to its maximum value
of ∼ 30K just beyond the O-AFM dome. Upon further P substitution Tc at first plateaus,
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Figure 4.31: Phase diagram of BaFe2 (As1 − x Px )2 T-PM denotes the paramagnetic tetragonal
phase, O-AFM denotes the standard stripe AFM ordering in the orthorhombic structure and
SC denotes compositions with SC properties.
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showing little composition dependence, and then begins to drop for compositions x > 0.37
to the lowest value measure in this study of 9K for 60%.
It is well known that the SC and magnetic phases are highly adversarial, competing
strongly for the same electrons which are responsible for both the static long range magnetic
structure and the superfluid density [28, 97, 150, 151]. Remembering that the magnetic
moment scales as the root of the ordering temperature it is clear that a decrease in TN
reflects a weakening of the former of these phenomena which should then be expected to
increase the stability of the SC state. However, it is not understood whether the presence
of SC is suppressing TOM or if the transition temperature is following a standard power-law
behavior to which SC is passive. A non-zero SC order parameter has been shown in mean
field theory treatments of the system to directly suppress TN as well as to suppress both
of the O-AFM phase’s order parameters below Tc [106]. It is likely that both effects are
realized and that the presence of SC enhances the suppression of TOM , modifying the powerlaw behavior. Some support for this interpretation is seen in the Ba(Fe1 − x Cox )2 As2 system
where the structural and magnetic transitions are decoupled. Here the onset of SC appears
to suppress TN and the magnetic phase is destabilized well before Ts goes to zero [97].
Unfortunately, the straightforward route of directly comparing the composition dependence of TOM both in the presence of SC and in its absence is not possible. Of all the
122 materials a strikingly small minority show AFM suppression without SC - namely
Ba(Fe1 − x Mnx )2 As2 and Sr(Fe1 − x Crx )2 As2 . In Sr(Fe1 − x Crx )2 As2 the O-AFM transition
exhibits a starkly different composition dependence: nearly that of a decaying exponential
[152]. Ostensibly, this would seem to support a SC driven suppression to AFM senario,
however, care must be taken in comparing these two systems. While Sr(Fe1 − x Crx )2 As2 has
not been well studied the non-SC Ba(Fe1 − x Mnx )2 As2 has and it was found that the presence
of magnetic Mn sites were driving the material’s non-standard behavior [153]. Though it
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has not been proven, considering the magnetic properties of elemental Cr, a similar alien
magnetic phase seems likely for Sr(Fe1 − x Crx )2 As2 .
That Tc should peak just after the O-AFM dome is an interesting observation. With the
strong competition between magnetism and SC just described it should be expected that Tc
might peak far away from the magnetic phase. However, as discussed earlier, the primary
candidate for the SC pairing mechanism in the iron-pnictides is magnetic fluctuations. If
this interpretation is correct it is then not surprising that Tc should peak just after the
suppression of ordered magnetism - in this region magnetic fluctuations are still present yet
not strong enough to form an ordered phase [18, 119]. This provides an ideal situation for
magnetic-fluctuation mediated SC where magnetic interactions are easily excitable and may
propagate over relatively long ranges allowing for the formation of quasi-particle bound states
- Cooper pairs [16]. These ideal properties are then lessened as the magnetic fluctuations are
further weakened with increased substitution and the SC transition decreases to the non-SC
BaFe2 P2 end-member [154].
The phase diagram for BaFe2 (As1 − x Px )2 shown is nearly identical, qualitatively, to those
for the other members of the 122 family [89, 97, 101, 122, 155, 156, 157]. This general
description where the suppression of a parent 122 material’s TN and Ts through doping
creates an O-AFM dome out of which SC arises, crests and then decreases, nearly linearly,
either to zero at some x value or to a SC end-member, was previously thought an universal
phase diagram for these materials which, with minimal corrections, extended to the wider
family of all iron-pnictide SC [106]. However, with the discovery of the T-AFM phase, this
general picture is no longer fully valid: the phase diagrams of the 122 SC are richer than
previously thought and with more variation between the doping regimes. The presence of
another magnetic phase which also competes with SC increases the importance of carefully
determining the phase evolution of these materials, not just to search for possible other new
phases, but also to understand how the T-AFM phase alters the general narrative described
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above. Furthermore, it is important to determine the exact extent of this new phase in
composition and temperature and how it changes between the hole-doped 122’s in which it
has been observed. In this manner, the study of the Sr1 − x Nax Fe2 As2 phase diagram will be
instructive as a comparison to the Ba1 − x Kx Fe2 As2 and Ba1 − x Nax Fe2 As2 materials, which
are the only other two reported to exhibit this phase so far.
Setting aside, for the time being, the T-AFM phase, the phase diagram of Sr1 − x Nax Fe2 As2
(shown in Figure 4.32) looks similar to that of BaFe2 (As1 − x Px )2 . The general behavior of an
O-AFM phase getting suppressed with doping and the slight overlap with a SC dome which
peaks just beyond xc is again observed. In this simplified consideration, the only differences
appear to be quantitative with a 60K increase seen in the parent material’s Ts and TN , a significantly higher xc than in BaFe2 (As1 − x Px )2 (and more pertinently Ba1 − x Nax Fe2 As2 and
Ba1 − x Kx Fe2 As2 ) and an increase in the optimal Tc from 32K to 36K. The second of these differences is easily attributable to the first and has been discussed previously in Section 4.1.2.2
where it was suggested that the higher ordering temperature of SrFe2 As2 is due to its contracted basal plane (with respect to BaFe2 As2 ) and that the more strongly ordered magnetic
phase should require more disruption (in this case in the form of hole-doping) to completely
suppress it. This explains why xc increases from values of 0.25, 0.30 and 0.279 in the K,
Na and P doped BaFe2 As2 materials respectively to greater than 0.45 in Sr1 − x Nax Fe2 As2 .
Interestingly, while xc increase by nearly 60% between the Na doped Ba and Sr materials,
the onset composition of SC only shifts by a relatively modest 33%. How the composition
dependent behavior of TOM reacts so strongly to the parent material’s TN while the onset of
Tc remains relatively robust is not understood. The overlap region between O-AFM and SC
is significantly larger in Sr1 − x Nax Fe2 As2 and it is possible to speculate that the presence
of another transition within the AFM dome (i.e. Tr ) causes a magnetic instability which
then can lead to SC however, this cannot be supported at this point and is only conjecture,
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more work will have to be performed to measure the SC properties in this region in order to
elucidate the relationship of the T-AFM phase and the shape of the T-AFM dome.
Considering now the T-AFM phase, immediately noticeable is its significantly larger
extent in temperature and composition compared to its manifestation in Ba1 − x Kx Fe2 As2
and Ba1 − x Nax Fe2 As2 [127, 128]. Whereas in either of the Ba systems T-AFM was seen in
only a handful of samples over a small range of compositions, here a large T-AFM dome
is observed which spans a ∆x of 14% and in doing so allows for its determination in seven
distinct compositions. Furthermore, compared to the previously observed Tr ’s between 40K
and 45K, here Tr peaks at 65K - 20K higher. The increased Tr seems directly related to
the higher ordering temperature of the parent compound. If TN and Tr for Sr1 − x Nax Fe2 As2
and Ba1 − x Nax Fe2 As2 are scaled by TN0 (the TN ’s of their respective parent compounds)
then the scaled TN (TNsc ) for either material where the T-AFM phase is observed is seen to
largely agree, with the peak of the T-AFM phase seen at a TNsc of ∼ 0.50. When similarly
scaled (Trsc = Tr /TN0 ) the maximum value of Trsc is also seen to agree between the two
materials, similarly becoming ∼ 0.31. However, if an analogous analysis is performed for
the extent in composition rather than temperature the two systems diverge. Scaling ∆x
for the T-AFM phase by the extent of the O-AFM phase, the T-AFM phase is found to be
in more than 30% of all AFM compositions in the Sr1 − x Nax Fe2 As2 material as opposed to
only 10% in Ba1 − x Nax Fe2 As2 . It, therefore, appears that the T-AFM phase is quantitatively
larger in Sr1 − x Nax Fe2 As2 even once scaled, how this material is better able to stabilize the
T-AFM phase is not yet understood, though from the analysis presented in Section 4.1.2.3
it is suspected that it should be related to the presence of the perfect tetrahedral angle in
the Fe2 As2 layers at lower compositions in Sr1 − x Nax Fe2 As2 .
The large extent of this phase allows for a much more detailed determination of its
topology and two characteristics are immediately noticable: its shape and its position within
the O-AFM dome. In contrast to the hole-doped Ba compounds, rather than exhibiting
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Figure 4.32: Phase diagram of Sr1 − x Nax Fe2 As2 . Labeling scheme is identical to Figure 4.31
with the inclusion of the T-AFM moniker to denote the tetragonal magnetic structure.
Transition temperatures determined from neutron and synchrotron diffraction are indicated
by open and half-filled symbols respectively.
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an approximately parabolic composition dependence of Tr , here the re-entrant transition
temperature plateaus quickly reaching a maximum value after its onset and then remaining
composition independent until precipitously dropping for x > 0.40. It is not yet understood
why Tr should plateau, early theory work modeling the phase suggested that the region where
T-AFM is stable was determined by the mismatch between the electron and hole-like pockets
of the FS [127]. In this model the T-AFM dome appeared roughly parabolic. More recent
theoretical work [158], which also attempted to model the phase diagram, similarly predicted
a curved shape. However, both of these reports used the earlier observed Ba1 − x Nax Fe2 As2
and Ba1 − x Kx Fe2 As2 systems. It is possible that the limited number of samples studied gave
the illusion of a curved dome indeed the variation in Tr for these systems was less than 5K.
Furthermore, it is also possible that the stabilization of the T-AFM phase near the complete
suppression of magnetism did not allow for the phase to reach its optimum composition.
The observed rapid suppression of Tr for compositions x > 0.40 is aggressive enough such
that no intermediate transition temperature is observed. Increasing in composition from the
middle of the T-AFM phase, Tr is measured as 65K for the 40% sample and no transition
is observed in the next composition of 42%. For comparison, on the lower doped side of the
dome Tr is seen to smoothly, albeit quickly, increase from 8K to 65K over a ∆x of 5%. The
observation of a decrease in Tr , is itself a notable feature for its separation from the closing
of the O-AFM dome - in both K and Na doped BaFe2 As2 the T-AFM phase extends to
the complete suppression of magnetism and no distinct compositions which exhibit O-AFM
ordering without then becoming T-AFM exist after the onset of T-AFM.
The re-entrance of the O-AFM phase as the ground state of the system for compositions
with TN → 0 is interesting and demonstrates the nearly degenerate energy levels of the
T-AFM and O-AFM phases [128]. Recently, this O-AFM re-entrance was predicted in an
itinerant fermionic model developed by Kang et al. in reference [159]. Here, it is reported
that the two magnetic orderings are nearly degenerate in energy, however, the O-AFM phase

158
is preferred for low hole-doping where the FSN is still strong. In this model, as the doping
is increased the T-AFM term in the free energy expansion takes over and stabilizes the
magnetic C4 phase. When calculated they found the energy levels between the two phases
to remain close at this transition to T-AFM and upon further doping it is predicted that the
O-AFM phase once again becomes more energetically favorable, albeit, only marginally so.
While this observation was not seen in either Ba1 − x Nax Fe2 As2 or Ba1 − x Kx Fe2 As2 here it
is obvious and the O-AFM ordering re-emerges over a ∆x of 0.03 before AFM is completely
suppressed. Whether or not a similar O-AFM re-entrant region exists in the other hole-doped
materials but simply is stable over too small a range of x to be seen is unfortunately not clear
however, the observation of this separation here does lend credence to this theory. Another
possible scenario is that the relatively low TN of the BaFe2 As2 parent compound prevented
the O-AFM phase from extending out to high enough compositions for the relative energies
of these two phases to flip. In this case, the separation is seen here due to the high TN of
the parent material and the stability of AFM ordering out to higher dopant concentrations.
Similar to recent studies performed on Ba1 − x Kx Fe2 As2 [128, 147] a strong competition
between the T-AFM and SC states is observed in Sr1 − x Nax Fe2 As2 . Rather than exhibiting
the quick rise in Tc to a maximum value just outside the O-AFM dome, as seen in all other
122 SC, here Tc onset is well within the O-AFM dome and plateaus at the arrival of the
T-AFM ordering. For compositions within the T-AFM dome, Tc remains nearly constant,
showing little composition dependence, until beginning to rapidly rise at the end of the TAFM ordering. At this point the more typical behavior is seen and Tc quickly climbs to its
maximum value of 36K by x = 0.49 - only ∼ 0.02 in composition beyond the O-AFM dome.
This unusual composition dependence of Tc is indicative of the strong competition between
the T-AFM ordering and SC. In fact, while in the case of competition between O-AFM and
SC, SC actively suppresses O-AFM causing a decrease in both the magnetic and structural
order parameters of the O-AFM phase, here the roles are reversed and the T-AFM phase is
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seen to suppress any increase in the SC transition. Similar strong competition was observed
in Ba1 − x Kx Fe2 As2 where Tc was actually decreased with the onset of T-AFM [128] . While,
no such non-monotonic behavior of Tc is observed here the large plateau in Tc remains strong
evidence of competition between these two phases. This non-uniform competition between
the two magnetic phases and SC is well described by the qualitatively different behavior of
the FS in either magnetic phase and how its gapping in the T-AFM symmetry impedes the
formation of SC pairs.
Although it was not mentioned in Section 4.1.1.2, there is an interesting correlation
between x109.46◦ and the onset of the T-AFM dome. In Figure 4.20 it was shown that
x109.46◦ = 0.29 at 10K and as shown in Table 4.5 this is around the same composition as
where the first signs of T-AFM are seen. The proximity of the perfect tetrahedral angle
to the return to tetragonal symmetry is suggestive - it is possible that the higher local
Fe symmetry changes the magnetic exchange interactions between the neighboring Fe sites
and causes an instability which allows for the formation of the T-AFM magnetic structure.
Surprisingly, when ∆α (defined as ∆α = α1 − α2 ) is calculated for Sr1 − x Nax Fe2 As2 as
well as for Ba1 − x Nax Fe2 As2 at 10K the T-AFM phase is only seen in compositions where
∆α ≤ 1◦ . This is readily apparent in Figure 4.33 which shows a minimalist version of
the Sr1 − x Nax Fe2 As2 phase diagram superimposed over a contour plot of the temperature
and composition dependence of ∆α. These values were calculated by assuming a linear
temperature dependence to the fit parameters of the composition dependence of α1 and α2
extrapolated between the fits determined at 10K and 300K. Here the onset of Tr occurs at
∆α = 0◦ and T-AFM is seen in all higher dopings for which the above inequality is obeyed (as
delimited by the hatched shading). If the relative difference in the angles of the Fe2 As2 layers
is important to the T-AFM ordering then this would also account for the larger extent of TAFM in Sr1 − x Nax Fe2 As2 as compared to Ba1 − x Kx Fe2 As2 and Ba1 − x Nax Fe2 As2 . In either
of the Ba 122 systems x109.46◦ does not occur until beyond the O-AFM dome. Therefore,
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there is not as significant an overlap between the prescribed ∆α range and magnetic ordering
- limiting the size of the T-AFM dome to just at the edge of the O-AFM phase.
However not all samples which satisfy this inequality exhibit the T-AFM phase. Most obviously, the entire range from ∆α = 0◦ to ∆α = −1◦ has no signs of the T-AFM phase. This
suggests that a combination of the magnetic ordering temperature of a given composition
and its proximity to ∆α = 0 must play a role (along with considerations of the Fermi surface)
in establishing the T-AFM phase - if the above conjecture is correct. This would explain why
the T-AFM phase is not seen to extend to ∆α = −1◦ for compositions x < 0.294. The ability
of a strong O-AFM ordering to suppress T-AFM has been suggested in recent theoretical
work using mean-field theory. In Reference [159] Kang et al. propose the potential of high
O-AFM ordering temperatures to prevent the formation of the T-AFM magnetic ordering.
It must be said that though interesting at this point arguments for the T-AFM ordering
derived from the internal parameters of the Fe2 As2 layers is nothing more than conjecture
and further study is needed to determine if this is meaningful or an accidental coincidence.
Now, with the phase behavior of these two systems carefully determined, it is possible
to go forward with determining how the structure and magnetism interact to create these
phase diagrams. In Section 4.2, it was shown that Ts and TN were simultaneous for both
BaFe2 (As1 − x Px )2 and Sr1 − x Nax Fe2 As2 . This coincidence hints at the coupling between the
structural and magnetic order parameters. The next chapter will start from this observation
and use it to study the relationship between the underlying mechanisms in an attempt to
answer the question which has surfaced multiple times in this chapter: is the structural
distortion begetting magnetism or vice versa. As will be determined, this observation alone
is not enough to settle the question and ultimately the newly discovered T-AFM phase will
be used to come to a definitive answer.
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Figure 4.33: Plot of ∆α as a function of composition and temperature, with TN and Ts
superimposed all of Sr1 − x Nax Fe2 As2 . the left axis is scaled by the parent compound’s TN
of 205K. Hatched ∆α values indicate the boundaries of −1 ≤ ∆α ≤ 1.

CHAPTER 5
MAGNETIC FLUCTUATIONS AS THE PRIMARY ORDER
PARAMETER

In Chapter 4 the properties of two members of the 122 FBS were thoroughly explored.
After first establishing the qualitatively identical behavior of the Ba and Sr 122 parent compounds, the way internal chemical pressure and aliovalent doping effected this structural and
magnetic behavior was determined and related to changes in the internal bonding environment of the important Fe2 As2 layers. Some features were found to be shared between these
two systems such as the strong coupling of first-order structural and magnetic transitions
and their simultaneous suppression upon doping. Other properties, such as the presence
of a magnetic tetragonal phase in only the hole-doped material, were shown to distinguish
between the two systems. While such fruitful comparisons were performed, the larger significance of these specific observations was always intentionally suspended in order to allow for
a more focused approach. It is the purpose of this chapter to now go back and interpret these
results and use them to draw larger conclusions about the nature of the FBS and perhaps
the mechanism of UNSC itself.

5.1

Orbital and Spin Fluctuations: Coupled Order Parameters

Of fundamental motivation to the study of FBS is the proximity of SC to an AFM phase.
It is well known that magnetism is devastating to the stabilization of SC with even small
fields, on the order of several hundred gauss, able to render many SC materials non-SC.
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How SC is stabilized out of ordered magnetism is then of great interest. As discussed in
the previous section, it has been suggested for nearly two decades that in the UNSC (where
phonon mediated SC is no longer valid) magnetic fluctuations are a strong candidate for
the pairing glue [16]. However, over these past twenty years the exact manner in which
this mechanism works remains unsolved. It is in this endeavor where the FBS shine due, in
part, to this coexistence region which allows not only for the interaction of the two states
coexisting microscopically in a single phase to be studied but which also strongly supports
the fluctuation driven scenario by its very existence.
The elucidation of the role magnetic fluctuations serve in stabilizing SC in these materials
is predicated on understanding the role they play in the overall behavior of the material: that
is its behavior at all temperatures. In these considerations, the presence of a magnetic transition in the under-doped compounds at first glance appears decisive, however, the presence
of a structural transition and its precedence of the magnetic transitions in the electron-doped
regime gives cause for the magnetic fluctuations driven model to be questioned. Furthermore ‘nematic’ fluctuations, so-called for their similarity to the nematic ordering in liquid
crystals, have been observed at temperatures T > TN indicating the presence of a structural instability above the critical temperature which could be expected responsible for the
transition [160, 161]. Considering these observations, the simplest description of the phase
behavior becomes a structural transition mediated by the usual lattice vibrations (phonons)
with magnetic fluctuations falling to the wayside. However, this nematic phase has proven
to show short range correlations in three separate order parameters; two electronic (spin
and charge) as well as of the lattice and so cannot conclusively lead to the dismissal of an
electronically driven scenario [162, 163, 164].
While the presence of all three order parameters before any critical transition saves the
spin driven scenario from confutation it also more generally confounds the determination
of the primary order parameter. Not only do the three order parameters all exhibit non-
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zero values above the relevant transitions, they all also similarly require the breaking of the
tetragonal symmetry at the transition. Therefore determining which one is driving the others
becomes exceedinly difficult experimentally in the absence of clear distinguishable effects.
This becomes clear in mean field constructions of the transtion where (as determined in
reference [165]) the Landau free energy for a system with bi-linear combinations of three
coupled order parameters, one of which is primary, takes the form:

2
4
−1 2
−1 2
F (η1 , η2 , η3 ) = aχ−1
1 η1 + bη1 + λ12 η1 η2 + cχ2 η2 + λ13 η1 η3 + cχ3 η3

(5.1)

Where, the η are the order parameters, a, b and c are constants, lambda are coupling constants and χ are succeptibilities. In the above expansion, for non-zero coupling constants
(λxy ) once the primary order parameter (η1 ) becomes non-zero η2 and η3 also spontaneously
become non-zero and in doing so obscure the simple case of first encountering the primary
order parameter on cooling. This scenario has been dubbed a physics ‘chicken and egg’ problem [165], where the presence of fluctuations in any one order parameter either is caused by
or causes fluctuations of all order parameters, and solving it is of central importance to
determining the physics of the FBS.
Luckily a series of experiments probing the relationship of the lattice distortion to the electronic order parameters have found the phonon driven scenario to be unlikely [107, 166]. This
simplification leaves only the two forms of electronic ordering as the possible primary order
parameter, namely either orbital or spin-nematic (magnetic) fluctuations must be responsible for the observed phase transitions. Excitingly, either of these mechanisms have also been
proposed, at various times, as candidate SC pairing mechanisms, with qualitatively different
SC properties [167]. These differences should, theoretically, provide an avenue for discriminating between the two order parameters [168, 169, 170]. However, in practice determining
between these two closely related electronic order parameters has proven substantially more
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difficult and with different measurements suggesting either as the primary order parameter,
no general consensus has emerged [107, 162, 171, 172].
In Equation 5.1 a quiet assumption was made - that the coupling between the order
parameters should be bi-linear - without any vindication as to why. The authors in [165]
used this formulation due to early reports which suggested this coupling in K doped Ba
122 and in the parent Sr 122 compounds [28, 143]. However, not much further work has
been done checking the coupling of δ and M for a wider range of compositions and for the
different doping regimes. Therefore, it is worth checking whether the same coupling is seen
here. Furthermore, with the large collection of temperature and composition data presented
in Chapter 4 it will be possible to check not only how this coupling changes as the AFM
ordering is suppressed but also what sort of coupling is seen both in the temperature and
composition dependence of the structural and magnetic order parameters. If the coupling
was in fact not bi-linear then it is possible a different formulation of the Landau free energy
with the correct coupling might prove more helpful in discriminating between these two
orders.
It should be noted that, in the following analysis, the behavior of both electronic nematic orders is assumed to be 2D Ising-like. Such a justification has not been provided for
orbital ordering. However, doing so is simple enough through appealing to the nature of
the structural nematic fluctuations - the fluctuations should reflect the coming order and in
the case of the structural transition to the orthorhombic symmetry the fluctuations should
occur either along the x or y directions (there is no distortion along the c-axis) and therefore,
should be 2D in nature as well. The combined consideration of these fluctuations is referred
to as an Ising-nematic model and is a necessary assumption for the following discussion.
Section 4.2 endeavored to determine Ts and TN with a high degree of confidence through
the use of power-law fits to the corresponding order parameters δ and M . Here it will be
useful to recall this analysis for use in comparing not the transition temperatures but in other
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fit parameters and how they change between the two order parameters. Figure 5.1 shows
the temperature dependence of the orthorhombic order parameter and the refined magnetic
moment coupled bi-linearly as δ and M (upper panels) as well as linear-quadratically as δ
and M 2 (lower panels) (a third option of δ 2 and M need not be considered as it violates the
system’s symmetry [138]). Surprisingly, when compared side-by-side the order parameters
visually demonstrate a linear-quadratic relationship - in contrast to previous reports [28, 143].
In the upper panels which are linear in both terms, a poor agreement between the shape of
the order parameters’ temperature dependence is seen. M clearly exhibits a larger critical
exponent than δ showing a more abrupt change in slope after the critical temperature. In
contrast the lower panels which plot M 2 and δ show incredible agreement in the overall
shape of the curves with the two order parameters exhibiting nearly identical temperature
dependence with only a difference in the scale factor. This trend holds for all measured
compositions and for both BaFe2 (As1 − x Px )2 and Sr1 − x Nax Fe2 As2 (as evidenced by the
fourth column of panels). In this analysis the order parameters do not bi-linear coupling but
rather linear-quadratic coupling.
While visually convincing this conclusion can be more rigorously achieved through a comparison of the critical exponents found in Section 4.2 with similar fits performed to M 2 using
the previously established power-law of m(T ) = C0 (Tc − T )β . Table 5.1 shows such a comparison compiling the results reported in Table 4.4 with the results of previously unreported
fits to M 2 . As seen, the critical exponents obtained from these new fits agree remarkably
well with the structural critical exponent, with βN ’s within 40% of their corresponding βs . If
instead, the parameters are compared bi-linearly the difference between the two parameters
diverge by more than 100% indicating a significant departure from the behavior expected
for bi-linear coupling. Furthermore, this analysis holds for all measured compositions and
works equally well for both the isovalently substituted and hole-doped materials confirming
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Figure 5.1: Temperature dependence of the order parameters for x = 0.115, 0.190 and 0.205
compositions of BaFe2 (As1 − x Px )2 and x = 0.29 of Sr1 − x Nax Fe2 As2 . The orthorhombic order
parameter δ (open circles) is plotted with (top row of panels) the refined magnetic moment
(open triangles) and (bottom row of panels) the square of the refined magnetic moment
(open triangles) effectively comparing the bi-quadratic and linear-quadratic coupling of the
order parameters. The scaling of δ is consistent for all panels and so the right axis tick labels
are only shown on the far right panels.
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Table 5.1: Critical exponents found in power-law fits to δ, M and M 2 for compositions of
BaFe2 (As1 − x Px )2 and Sr1 − x Nax Fe2 As2 . Values for δ and M were previously reported in
Table 4.4
x

βs

βNM

βNM 2

BaFe2 (As1 − x Px )2
0.115

0.134(8)

0.08(1)

0.18(2)

0.190

0.142(4)

0.10(3)

0.15(7)

0.205

0.18(1)

0.06(2)

0.13(5)

Sr1 − x Nax Fe2 As2
0.290

0.240(2)

0.16(4)

0.26(6)

quantitatively what was visually obvious in Figure 5.1. These results strongly suggest a
linear-quadratic coupling between the two order parameters.
It is also useful to consider the coupling of the order parameters in composition space.
The composition dependence of δ and M of BaFe2 (As1 − x Px )2 is shown in Figure 5.2 plotted
both in linear-quadratic and bi-linear relationships. Unfortunately mapping composition
space is significantly more labor intensive than temperature space. However, as before, visually the comparison is quite convincing. In panel (b) the squares of both order parameters
are plotted (this bi-quadratic formulation should be identical to bi-linear; bi-quadratic was
chosen here to make comparison with past reports more straight forward). While the structural distortion appears nearly linear in composition indicating a large critical exponent, the
magnetic moment does not and quickly diverges. If instead the linear-quadratic relationship
is plotted (as in panel (a)) the two order parameters are seen once again to scale remarkably
well and the two curves appear nearly identical. Therefore, in their composition dependence
the coupling between δ and M is also linear-quadratic.
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Figure 5.2: Composition dependence of BaFe2 (As1 − x Px )2 ’s; (a) δ and M 2 and (b) δ 2 and
M 2 . All y-axes have been similarly scaled to visually account for a a scale factor difference
between each set of parameters.

With the coupling between the structural and magnetic order parameters now established
as linear-quadratic rather than bi-linear it is time to go back and formulate the Landau free
energy more generally for a magneto-elastically coupled material. Without the constraint
of bi-linear coupling and with the knowledge that lattice vibrations are not the primary
order parameter the historical formulation of the free energy for the coupled magnetic and
structural order parameters (see reference [138]) takes the form:
1
Fme = C1 µ2 σ + C2 µ2 σ 2 + ...
2

(5.2)

Where now the two order parameters µ and σ are explicitly for the AFM order and elastic
strain respectively and the Ci are the coupling constants. Whereas bi-linear (or bi-quadratic)
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coupling as represented by the second term in this expansion was thought to indicate the importance of orbital fluctuations, linear-quadratic coupling (first term) indicates an increased
significance to the magnetic fluctuations. Indeed the free energy shown in Equation 5.2 was
formulated in reference [138] from the starting point of a system with a magnetic transition
to an AFM ordered state. From this model elastic terms and magneto-elastic coupling were
added. In this scenario in the absence of the magneto-elastic terms and any external stress
the elastic strain order parameter never obtains a non-zero value. It is, therefore, manifest
that the prevalence of the linear-quadratic term in determining the temperature and composition dependent coupling of δ and M strongly favors spin-nematic fluctuations as the
primary of the two electronic order parameters.
It is worth examining why linear-quadratic coupling is observed here while previous
reports saw bi-linear/bi-quadratic coupling between the structural and magnetic order parameters. One of the first reports of bi-quadratic coupling came from Wilson et al. in
reference [143]. Here FIE NPD studies were performed on the parent Sr 122 compound
tracking the nuclear 200 and magnetic

11
3
22

peaks. δ was then determined by fitting two

Gaussian distributions to the nuclear peak and the intensity of

11
3
22

was used as a scaled

M 2 (once again remembering that magnetic scattering scales as the square of the moment).
The square of δ was then plotted with the

11
3
22

intensity and a good visual agreement was

seen. Meanwhile, in Reference [28] Avci et al. performed TOF NPD experiments on several
compositions of Ba1 − x Kx Fe2 As2 which led to the determination of δ and M bi-quadratic
coupling. However, in a later analysis Avci et al. did report linear-quadratic coupling as in
the composition dependence of the two order parameters [89].
While it is possible that the Sr 122 parent compound has different coupling than the Na
doped samples and similarly that the Ba1 − x Kx Fe2 As2 series has a different mechanism than
Sr1 − x Nax Fe2 As2 and BaFe2 (As1 − x Px )2 it seems a complicated scenario which would lead
to a convoluted theoretical explanation for a collection of materials which otherwise behave
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fairly uniformly. Furthermore, it would seem highly improbable that the phase diagram
should be qualitatively untouched by significant changes in the underlying physics of the
phase behavior. More likely is that the mostly visual based analyses presented in [143] and
[28] fail to properly quantify the coupling. As seen in Table 5.1 and Figure 5.1 for the
19% and 20.5% compositions, what visually appears ambiguous becomes substantially less
so when the character of the actual fits are compared. Should only the upper panels of
Figure 5.1 have been considered it would not be unreasonable to conclude the presence of
bi-quadratic coupling. Nonetheless, in light of these conflicting reports and the heavy appeal
to theory the analysis presented here is not conclusive and cannot convincingly settle the
question of which electronic nematic term is the primary order parameter - though strongly
suggesting so. Therefore, it is necessary to invoke somewhat more sophisticated techniques
in order to help overcome this impasse.

5.2

Resonant Spin Excitations: Spin Fluctuations, SDW’s and
the Superconducting Order Parameter

If the nature of the magnetic and structural transitions and their corresponding order
parameters cannot themselves be used to reveal decisively the primary order parameter,
then perhaps a more direct route is needed which circumnavigates the treacherous waters of
strongly coupled order parameters and instead investigates the SC state directly. With the
goal in mind it is now possible to consult theoretical work which has explored the predicted
nature of the SC state based on either orbital or spin fluctuations as the pairing mechanism
and look experimentally for any expected differences.
While such an analysis is beyond the scope of this work, thankfully is it not necessary:
much work to this end has already been performed and helpfully a review of the field was
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published by Chubukov in reference [167] which considered SC for the entire family of FBS
and calculated the expected properties of the SC state for each suggested pairing interaction. Most notably, orbital and spin fluctuations are predicted to show significantly different
behaviors in the SC order parameter across the FS. Considering a charge/orbital mediated
pairing mechanism Chubukov found that the SC order parameter could consistently exhibit
two possible symmetries: s++ or d wave pairing symmetry. On the other hand, ignoring
exceptions for highly over-doped end-members, in the spin-fluctuation model only the single
s± wave symmetry is allowed. Therefore, if the symmetry of the SC order parameter can be
probed experimentally it will be possible to further establish the relative importance of the
two electronic order parameters. In order to understand how this may be accomplished, it
is necessary to understand how these symmetries are realized on the FS of the FBS.
In general, determining a material’s FS is complicated task. In the FBS there are several
simplifications which are usually made to make the problem more tractable. Starting from
the full unit cell, it has been determined both theoretically and experimentally that the FBS’s
conduction band is mostly made up of the 3d electrons of the Fe atoms [173]. Therefore,
it is possible to reduce the more complex 122 structure to the simple Fe2 As2 layers, essentially ignoring the A site layers save for charge counting. Furthermore, because the charge
and magnetization densities are located mainly on the Fe sites and not the non-magnetic
pnictogen sites, the layers themselves can be further simplified by ignoring the pnictogen
and considering a simple single Fe atom unit cell from which the square Fe sublattice can
be reconstructed. The result of these simplifications in reciprocal space is the so-called unfolded Brillouin zone and this is the favored starting point for calculations of the FS and
band structure [174].
Figure 5.3 shows a minimal 2D diagram of the FS as an arbitrary cut taken perpendicular
to the kz direction [127]. At the Γ point of the Brillouin zone are two concentric cylindrical
hole-like surfaces while at the zone boundaries (the Y and X points) there are elliptical
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electron-like surfaces. As might be expected from the importance of the quasi-2D Fe2 As2
layers in these materials, the FS is mostly 2D in character with the kz dependence manifesting
as a slight varying of size of the hole and electron surfaces which is negligible for the current
discussions. While seemingly removed from the real physical material, experimentally this
simplified picture has been proven to successfully describe the observed magnetic behavior
[175] and so its use is justified. Furthermore, angular resolved photo-emission spectroscopy
(ARPES) experiments have confirmed qualitatively this description of the FS [171] and
increasing the complexity of the model is not helpful in the following discussions.

Y

Γ

X

Figure 5.3: Diagram of the quasi-2D FS for one Fe atom unit cell in tetragonal PM structure.
Two hole-like pockets (black and red) are seen at the Γ point of the Brillouin zone (dotted
black square) and two elliptical electron-like pockets at the X and Y points (blue).

With the FS in hand it is now possible to apply the different SC pairing symmetries
and see how each would be realized in this system. For these considerations it is helpful to
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qualitatively characterize the SC order parameter (which is the value of the SC gap ∆sc )
by two general properties: whether it has nodes (i.e. points on the FS where ∆sc = 0) and
whether the sign of ∆sc changes for different sections of the FS. In the case of the simple
s++ -wave symmetry, ∆sc is nodeless over the entire FS and has the same sign on both the
hole and electron pockets (in this case ∆sc > 0). In this symmetry, the FS is invariant under
rotations of 90◦ and this rotational invariance is related to the titular s-wave orbital. On the
other hand, for d -wave symmetry ∆sc is no longer nodeless and its value on the hole pockets
shows an angular dependence changing sign under rotations of 90◦ which causes four nodes
across the hole pockets. Furthermore, the sign of ∆sc alternates between the electron pockets
such that the 4-fold rotation axis is gone and the FS is only symmetric under rotations of
180◦ - thus having a similar symmetry to d orbitals [176]. These two configurations describe
the expected behavior should SC be mediated by orbital fluctuations.
For the case of spin mediated SC, in this simplified handling, there is only one predicted
SC symmetry - s± -wave. In this symmetry, on each hole and electron pocket the sign of ∆sc
does not change (i.e. it is nodeless) however, between the electron and hole pockets there is
a sign change such that all of the hole pockets have ± ∆sc while the electron pockets have
∓ ∆sc [176]. This arrangement has the same symmetry under rotations as the orbital s++
case with a 90◦ rotation leaving the gap function at the FS unchanged.
The varying behavior of ∆sc in these symmetries provides a clear qualitative difference
between the two ordering scenarios which, experimentally, can be used to distinguish between
them. Perhaps the easiest configuration to eliminate is the d -wave symmetry as it is the only
one predicted to show nodes in ∆sc , therefore, the observation of nodes would strongly suggest
orbital-fluctuation mediated SC. Such a measurement was performed early in the study of
these materials via ARPES [177] and no nodal behavior was observed thus eliminating nodal
d -wave symmetry from the running. This reduces the problem to determining between the
two s-wave symmetries, a task which is more subtle as s++ and s± are inherently similar, with
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the major difference being the relative sign of ∆sc between the hole and electron pockets. One
way to discriminate between these two relies on a special feature of the spin susceptibility
predicted for magnetically mediated SC, which was first seen in the cuprate SC, known as
the resonant spin excitation (RSE) [178].
In order to understand the RSE it will be first necessary to further elucidate what engenders the formation of magnetic fluctuations in these materials. Returning to the FS shown
in Figure 5.3 there is a noticeable similarity between the shape and size of the electron and
hole pockets. If the symmetry were to be exaggerated, simplifying both surfaces to perfect
cylinders of identical size (the latter of which is the case for the charge compensated material)
one could imagine translating an electron pocket from X (or Y ) to Γ by a vector Qf such
that both pockets overlapped centered at the Γ point. Or equivalently, one could imagine
drawing a vector connecting a point on an electron surface with another point on the hole
surface which could then be translated along one surface while still connecting to the other.
This overlap of large extents of the FS is an unstable state where a single scattering vector
simultaneously expresses the scattering condition from one part of the FS to another for a
significant portion of the FS (a phenomenon known as FS nesting). Similar to the Peierls
distortion, the energy of this state can be lowered by gapping the FS at the nesting vector
Qf through a lowering of the underlying symmetry [179]. In the FBS this manifests as a
SDW AFM ordering with a periodicity of 2π/Qf which reduces the symmetry of the PM
high temperature state and alleviates the above described instability [120].
With the knowledge that the magnetic ordering consists of a commensurate SDW which
is formed due to FS nesting, the spin/magnetic fluctuations which have been referred to
now have a source and a characteristic ordering vector Qf . Therefore, if these fluctuations
mediate SC then Qf should be expected to have a signature in the SC state. While it is
beyond the scope of the present work to prove, much theoretical work has been performed
looking for such a signature [167, 180, 181, 182, 183] and it was found to exist in the form
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of a RSE. The RSE is a hole-electron quasi-particle (exciton) which is expected to show up
in INS at Qf with an energy transfer of ∼ 2∆sc . This exciton is a result of a delta- function
like peak in the spin susceptibility expected below Tc and is only expected when there is a
change in the sign of ∆sc between the hole and electron FS - the measurement of the RSE
is direct evidence of a change in the sign of the SC order parameter and therefore of the s±
pairing symmetry. If a RSE can be measured it would lend yet more support to the spin
driven scenario.
In order to search for the RSE the well characterized BaFe2 (As1 − x Px )2 pollycrystalline
samples previously discussed in Chapter 4 were used in INS experiments on the ARCS
TOF Fermi chopper spectrometer beamline of the SNS using an incident energy of 30meV.
Figure 5.4 shows the dynamic structure factor S(Q, ω) of the 30% sample both above and
below Tc . This substitution level was chosen as it was near optimum Tc which due to the
proportionality between Tc and ∆sc should then give the strongest signal were a RSE to
be present [184, 185]. In panel (a) the 50K spectrum is plotted with the elastic line (seen
at an energy transfer ω of ω = 0meV) cut to enhance readability. At high momentum
transfers (Q > 2.0Å−1 ) a high intensity region is seen which extends over all measured
ω values. This is due to inelastic phonon scattering resulting from the incident neutrons
exciting vibration modes in the lattice, this feature is unimportant in these studies other
than to notice its extent down to lower Q where it unfortunately obfuscates the region
around Q ∼ 1.1Å−1 where the RSE is expected. Comparing this to the 5K data (panel
(b)) the phonon contribution is seen to remain nearly unchanged while there is a significant
redistribution of scattering intensity around Q = 1.13Å−1 . At this momentum transfer, the
low energy transfer intensity decreases and a new peak-like structure is seen at ω ∼ 13meV.
This behavior is expected of the RSE where in the SC state the spectral intensity collapses
for low ω with the opening of the SC gap while at higher ω a sharp intense peak is expected
at Qf with an ω < 2∆sc where ∆sc ∼ 10 meV [182, 186].
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Figure 5.4: Resonant spin excitation of BaFe2 (As0.70 P0.30 )2 as measured via inelastic neutron
scattering with an incident neutron energy of 30meV at (a) 50K and (b) 5K. Both plots were
made using the same intensity scale.

While the predicted characteristics of a RSE are present in Figure 5.4 the presence of
the low Q spurion at ω ∼ 15meV somewhat complicates the interpretation and so it will be
useful to look more closely at the behavior in this region of S(Q, ω). Figure 5.5(a) shows
ω cuts through the RSE (taking Q as ∼ 1.13Å−1 ) at both 50K and 5K. Here the expected
behavior of the RSE is less ambiguous as no clear peak is seen in the cut at 50K. Furthermore,
the expected reduction in scattering intensity for low ω is clearly seen in the 5K cut where
S(Q, ω) decreases by a factor of ∼ 2 between 50K and 5K for 2meV < ω < 6meV . While
no clear peak is visible in the 50K spectrum, with the reduction of S(Q, ω) at low ω a
pronounced peak is present at ω = 13meV in the 5K data strongly suggesting the presence
of a RSE. It is also possible to probe the substitution dependence of the peak seen at 13meV
in order to better characterize the observed feature. The RSE is expected to weaken as
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Tc (and consequently ∆sc ) decrease with increasing P concentration [119] and as shown in
Figure 5.5 (b) this is the case where by the 60% sample with a Tc < 10K the intensity of the
RSE has substantially decreased and is barely measurable.

(b )
R e s o n a n c e In te n s ity

S ( Q , ω)
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5 0 K

5 K

ω( m e V )

x

Figure 5.5: (a) ω cut taken at Q = 1.13Å−1 of BaFe2 (As0.70 P0.30 )2 inelastic spectrum at 50K
(green) and 5K (blue). (b) Integrated scattering intensity of the resonant spin excitation as
a function of composition. Line in (b) is added as a visual guide.

The cumulative effect of the above observations is to strongly indicate that the described
feature is indeed the RSE: it is positioned at a Q consistent with the lattice parameters
found in Chapter 4, it is observed at ω < 2∆sc as predicted, it exhibits the redistribution
of intensity in the Q cut as for a s± symmetry predicted in [182] and the temperature and
composition dependence both are consistent with a RSE. Indeed, signals which indicate a
RSE have been observed in many members of the FBS family [120, 186, 187, 188] and its
universality as a feature of these systems is generally accepted. However, the meaning of
the RSE is somewhat contentious. In other older and more well studied materials, opposing
interpretations have developed which attempt to disentangle SC and the RSE - suggesting
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it is present at all temperatures and only becomes visible on scales near Tc [189, 190].
Furthermore, the predictions of the RSE based on the peak in the spin susceptibility describe
a sharp δ function-like pole at Qf , instead what is seen here appears to be a somewhat broad
feature. While this has been attributed within the framework of a RSE as resulting from the
imperfect nesting between the elliptical electron pockets and the circular hole pockets [119]
others have taken this to suggest that the observed feature is not a RSE [191]. The simplified
description of the pairing symmetries presented earlier in this section has also been dogged
by complications. Calculations which probed the effect of impurities on the symmetry of
∆sc found that the presence of impurity sites can change the pairing symmetry [192].
Despite these detractions the general consensus remains that this the observed feature
is a RSE and generally supports magnetic fluctuations as the primary order parameter and
pairing mechanism [167]. The feature is seen at the predicted momentum and energy transfer,
shows the expected composition and temperature dependence and its somewhat broad nature
is attributable to known properties of the material. Nonetheless, these possible alternate
descriptions somewhat diminish the RSE’s ability to authoritatively end the debate over the
primary order parameter. As will be seen in the next two sections, a definitive answer first
requires the discovery of a new phase.

5.3

The Re-entrant C4 Phase and its Implications

After nearly 10 years of continuous study, it was thought that the secrets left hidden in
the 122 iron pnictide SC would be subtle in nature. It was, therefore, with great surprise
that in 2014 an entirely new phase was discovered in Ba1 − x Nax Fe2 As2 : the T-AFM phase
previously described in Chapter 4. This generated renewed interest in the FBS partially by
showing that there may still be interesting features yet to be discovered, but more so for
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the particular implications begotten of another magnetic phase in competition with SC and
which exhibits magnetism without the presumably required structural distortion. Soon after
its discovery in the Na-doped Ba 122 it was seen in the K-doped analogue and, as presented
in this work, in the related Na-doped Sr 122 material [128, 147]. With this increased visibility
the theory community soon took note and produced a deluge of models nearly overnight,
attempting to describe the development of this new phase [193, 194] the idiosyncrasies of
its existence [158, 159, 195] as well as more fundamentally how a new magnetic/structural
transition might help elucidate the elusive dynamics of this system [105, 196]. It is in
these new avenues where it will be fruitful to once again explore how orbital and spin order
parameters affect the expected behavior of the material.
In the orbital interpretation, orbital ordering drives a structural nematic transition which
then in turn generates a magnetic anisotropy causing the AFM ordering. Here magnetism is
engendered only of the particular configuration which the orbital ordering creates. How such
a mechanism would manifest is most clearly seen in the electron-doped 122’s. In these materials the nematic transition precedes the magnetic transition which finds a natural explanation
in this framework. Indeed, in Ba(Fe1 − x Cox )2 As2 the SDW is suppressed more quickly than
the orthorhombic distortion and for a range of compositions the structural transition exists
disassociated from any ordered magnetism [97]. In this model the orthorhombic distortion
can naturally exist without magnetism while magnetism requires a structural distortion to
break the C4 symmetry and promote stripe-type AFM ordering.
On the other hand, in the spin-driven scenario, magnetic fluctuations are present above
Ts and TN due to instabilities born of the previously described FSN. Once T is lowered these
fluctuations become stronger and force the nematic transition through strong magneto-elastic
coupling which can either occur before or congruent with the formation of ordered AFM. In
this case, the structural distortion is secondary and the orthorhombic structure only forms
due to the lowered C2 symmetry of the AFM order. While these two descriptions seem as
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if they present qualitatively different behaviors, as was seen in Section 5.1 strong magnetoelastic coupling and the fundamental relationship between orbital and spin ordering have
thus far otherwise obscured such behaviors. However, the discovery of the T-AFM phase
gives another transition across which to compare these two mechanisms. In the following
paragraphs the orbital and spin fluctuation models will be applied to this T-AFM phase, and
as will be seen, they lead to very different predictions for the expected magnetic ordering.
Starting with the spin-driven model, the standard O-AFM AFM order develops due to
the instability of the FS caused by nesting. The energy of the PM state can be lowered at TN
by the formation of a AFM SDW with an ordering vector determined by the nesting vector.
However, recalling Figure 5.3 the tetragonal symmetry leads to two energetically identical
ordering vectors one along the Γ to X direction and the second along the Γ to Y direction.
These two vectors can be written as Q1 = (π, 0) and Q2 = (0, π)). In the standard O-AFM
magnetism, one of these directions is spontaneously chosen and the C4 symmetry is broken
forming one AFM SDW ordering with either Q1 or Q2 [108]. However, what if instead of
selecting a single ordering vector some combination of parameters led ordering along both
directions. In this case the structural C4 symmetry could be maintained and the resulting
magnetic structure would be a superposition of two SDW’s: one ordering with Q1 with
magnitude M1 and the other with Q2 and magnitude M2 a so-called double-Q structure.
From the spin-driven model has arisen a natural description then for a T-AFM phase.
Figure 5.6 shows two possible outcome of such double-Q magnetic ordering. Panel (a) is
the structure found when the Fe spins are constrained to remain in the ab-plane with M1
= M2 . This configuration is known as the ‘spin-vortex’ crystal phase where AFM coupling
is seen along all three crystallographic axes [105, 193]. If instead the spins are allowed to
flip out of the ab-plane, while maintaining M1 = M2 , the configuration seen in panel (b) is
formed [105, 193]. Interestingly, the co-linearity of the M1 and M2 in the second structure
has produced a structure which is clearly the result of the interference of two distinct SDW’s.
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On half of the sites the magnetization density of Q1 completely destructively interferes with
that of Q2 creating a site with no ordered magnetism. Meanwhile, on the alternating Fe
sites the opposite occurs, the two SDW’s constructively interfere and the magnetic moment
on these sites doubles. Here the nearest neighbor of an magnetically ordered Fe site is a
node, with AFM coupling between next-nearest neighbors as well as along the c-axis.

(a)

(b)

Figure 5.6: Possible T-AFM magnetic structures within the framework of magnetic driven
dynamics for double-Q with (a) in plane and (b) out of plane M. In both structures the
magnitude of the magnetization for each Q is equal i.e. M1 = M2 . As atoms are not shown
to aid with visual clarity. Green and gray spheres denote Ba and Fe atoms respectively.

In the orbital fluctuation model, the transition back to a structural C4 symmetry while
maintaining ordered magnetism is less intuitive. In this model the O-AFM magnetic structure is only stabilized because of the nematic transition. It is less obvious then how magnetism forms in the T-AFM phase without a structural distortion. Therefore, the discovery
of the T-AFM phase was taken itself as evidence of the spin-driven scenario [127]. However, careful analyses of the transitions have emerged, which found such behavior could be
achieved within an orbital scenario by requiring a spontaneous change in the occupancies of
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the Fe site’s dxz and dyz orbitals. This was found to cause a renormalization of the magnetic
exchange parameters and consequently the observed transition [105]. In this paradigm there
was only one possible magnetic structure which did not require a significant structural distortion and as shown in Figure 5.7 it also exhibits a reorientation of the magnetization to
the out of plane direction. However, unlike the models shown in Figure 5.6, it maintains the
stripe-AFM ordering of the O-AFM phase choosing spontaneously either Q1 or Q2 . Therefore, while the previously predicted magnetic structures shared the tetragonal symmetry of
the nuclear lattice here the magnetic structure is orthorhombic.

Figure 5.7: Predicted T-AFM magnetic structure for orbital ordering driven dynamics. As
atoms are not shown to aid with visual clarity. Green and gray spheres denote Ba and Fe
atoms respectively.

This latter model has several set backs: the T-AFM follows less naturally and significantly, it maintains the stripe-AFM ordering. In order to accommodate the C2 symmetry of
the magnetic structure within the C4 nuclear symmetry, the system would have to suddenly
undergo a substantial weakening of the previously strong magneto-elastic coupling. In the
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absence of such a decoupling, the stripe magnetic phase should still cause an orthorhombic
deformation. What would cause this sudden change in the fundamental relationship of these
order parameters at the T-AFM transition is not clear, though it has been suggested that a
spin-reorientation could weaken the magneto-elastic coupling to some degree, decreasing the
resulting orthorhombic distortion [105].
As in the previous sections, here the two scenarios have led to different predictions. As
a first step towards discriminating between these models, it would be useful to determine
whether the magnetic moment reoriented to the out-of-plane direction. Unfortunately, this
orientation could not be determined from the initial NPD measurements [127]. However,
recently polarized neutron single crystal experiments performed have proven that at Tr , M
does indeed rotate out-of-plane to be along the c-axis direction [197]. This result leaves only
two possible options for the magnetic structure one each for the two order parameters.
NPD cannot tell the difference between these two out-of-plane models, unfortunately
rendering the data presented in Chapter 4 for the T-AFM phase of Sr1 − x Nax Fe2 As2 unhelpful
in this discussion. In the orbital model, the system still only chooses one of two possible
ordering vectors (Q1 and Q2 ) at Tr . The material must then spontaneously choose one or
the other at random, which should lead to microscopic twining between the two orderings
(as is commonly seen in the O-AFM phase [166, 172]). To NPD this arrangement will look
identical to the double-Q spin model due to the averaging effects of diffraction from the bulk
of the sample. It is then impossible to distinguish between the twinned single-Q structure
and the double-Q structure from measurements with such bulk techniques.
The single-Q and double-Q models presented here are significantly different in an unambiguous way. Several explicit characteristics predicted for the double-Q structure are
disallowed in the orbital driven paradigm: namely the presence of magnetic nodes the redistribution of magnetization density, both effects born of itinerant electron behavior. The
orbital model is inherently based on localized electrons and therefore abhors the presence of
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magnetic nodes which would be incredibly high entropy states within the ordered structure
[105]. Should they be observed it would almost unquestionably signify the importance of
the inherently itinerant SDW magnetism born of spin fluctuations. On the other hand, if
the magnetic moment per magnetic Fe site was seen to double at Tr there is no explanation
within the orbital interpretation which can account for this behavior. This requires an itinerant treatment of the electrons where the spin polarization is shifting from the non-magnetic
site to the magnetic site. These two observations in concert would prove the elusive smoking
gun and crown the magnetic order parameter as the primary order parameter.

5.4

Determination of the T-AFM Magnetic Structure

The powerful techniques of neutron and x-ray diffraction which have been incrediblely
useful building up to this juncture are not helpful in moving forward and instead a local
probe, which directly measures real space, is needed. Unfortunately, such techniques are less
adept at handling impurities and mixed phases, limiting their usefulness in the originally
discovered Ba1 − x Nax Fe2 As2 and Ba1 − x Kx Fe2 As2 materials whose T-AFM phase was not
well separated from other phases and phase transitions. In contrast, the observation of a
robust T-AFM phase presented here in Chapter 4 makes the Sr1 − x Nax Fe2 As2 material a
perfect fit for a local probe measurement - the T-AFM phase is well defined in composition
and temperature space with a high ordering temperature and a large extent in composition.
Therefore, several samples central to the large T-AFM dome showed complete transition to
the T-AFM phase which was never observed in other systems where a minimum of 10% of
the O-AFM phase always coexisted with the T-AFM [127]. Particularly, the 34% sample
shown in Figure 4.29 exhibited not only a 100% phase fraction of the T-AFM phase below
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Tr but also showed a well separated series of transitions allowing for measurement of each
phase fully formed and in absence of strong competition with neighboring phases.
The most straightforward and unambiguous test would be to measure directly the magnetic field at the Fe sites. Mössbauer spectroscopy allows for just such a measurement by
directly probing the local environment of the Fe atom. By comparing the emission spectrum
of excited nuclear states of Fe in a material to a reference Fe nucleus, Mössbauer spectroscopy
allows for the determination of the on-site effective magnetic field, electric field and s-orbital
density by direct and simultaneous measurement of the Zeeman effect, quadrupole splitting
and isomer shift respectively. Therefore, if the double-Q model is correct, in the Mössbauer
absorption spectrum, two different Fe sites are expected - one absent hyperfine splitting and
another with relatively significant splitting. On the other hand, in the single-Q model only
a single Fe site is expected because of the uniform magnetization density born of a single
ordering vector. For more specifics on Mössbauer spectroscopy see Section 2.7.
In order to probe the local Fe environment, a portion of the previously characterized 34%
Sr1 − x Nax Fe2 As2 sample was used. Measurements were taken in transmission geometry with
the use of a He cryostat to achieve temperatures as low as 5K with a tolerance of ±0.2K.
A small < 100 mg amount of the polycrystalline sample was thinly dusted on a high purity
Al foil mounted with kapton tape. Calibration measurements taken in the PM tetragonal
state showed a sharp line-width of the absorption spectra indicating the high uniformity of
the sample. Measurements were taken at 125, 105, 95, 85, 75, 65, 30, 15 and 5K: in the PM,
O-AFM, T-AFM and SC states.
Representative absorption spectra are shown in Figure 5.8 for 125, 85, 65, 30 and 5K.
Above TOM (pattern (a)) only a single central absorption peak is visible with no measurable
hyperfine splitting - as expected for the paramagnetic state. There is a slight isomer shift
seen (the peak is not centered at zero velocity but shifted to 0.5mm/s) indicating the
different bonding environment of Fe in the Fe2 As2 layers as opposed to pure elemental Fe.
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Once the sample is cooled below TOM (pattern (b)) the single peak is seen to split indicating
the presence of a magnetic field. While, in a material with a large magnetic moment (i.e.
> 1µB /Fe) one would expect the presence of a fully split sextet due to the local magnetic field
removing the degeneracy of the excited states, here only a few peaks are discernible. This is
due to the relatively weak magnetism in these materials more generally, but also because of
the relatively high temperature not far below TOM well before M has fully saturated. The
observed pattern is consistent with the O-AFM phase as has been previously measured in
the FBS [103]. It should be noted that the magnetism fit in Mössbauer spectroscopy is not
directly related to the specific symmetry of the magnetic structure but is only sensitive to the
magnitude of an effective magnetic field on the Fe site. Therefore, the fit seen in (b) is not
unique to the O-AFM magnetism but only demonstrates that there is an ordered magnetic
structure which is affecting a field on the Fe site. In both the patterns of (a) and (b), only
a single Fe site is needed to fit the observed spectra as seen by the single fit line in each of
these patterns.
By 30K (pattern (d)) there is a qualitative difference in the nature of the fit as compared
to 125K and 85K. Here, fitting a single Fe site is no longer adequate to model the observed
absorption spectrum. Instead, two sites must be used and, as seen by the red and green
line fits, one of the sites looks remarkably like that of the 125K pattern while the other is
similar to the 85K pattern (save for a more widely split sextet). This indicates that the
pattern is a combination of a non-magnetic Fe site and an ordered magnetic Fe site. That
is to say below Tr the Mössbauer spectrum shows the presence of two distinct Fe sites - in
agreement with the double-Q magnetic structure - one with no ordered magnetism the other
with a significantly increased magnetic moment relative to the O-AFM phase. Qualitatively,
this pattern is seen at all temperatures T < Tr . However, as seen in pattern (e), below
the SC transition there is a reduction in the hyperfine splitting as SC reduces the ordered
magnetic moment. This effect was discussed in the previous chapter but now is confirmed in

188

0
-3

T = 1 2 5 K

-6
-9

(a )

-1 2
0
-2

T = 8 5 K

-4
-6

(b )

-8

A b s o rp tio n (% )

0
-2

T = 6 5 K

-4
-6

(c )

-8
0
-2
-4

T = 3 0 K

-6

(d )

-8
0
-2
-4

T = 5 K

-6

(e )

-8
-4

-3

-2

-1

0

1

2

3

4

V e lo c ity (m m /s )
Figure 5.8: Mössbauer spectroscopy absorption spectra of Sr0.76 Na0.34 Fe2 As2 for temperatures (a) 125K, (b) 85K, (c) 65K, (d) 30K and (e) 5K. Each fit line represents a different Fe
site. Non-magnetic sites are indicated by green lines, O-AFM magnetic sites by violet lines
while the magnetic site in the T-AFM phase is indicated by red lines. Blue lines represent
the sum of all individual site fits.
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another independent measurement and again is indicative of the strong competition between
magnetism and SC as expected.
Pattern (c) shows the spectrum at the T-AFM transition and, as seen, in order to fit
the data sufficiently three magnetic sites were needed. At Tr the transition is not complete
and part of the sample is in the T-AFM phase while the rest remains in the O-AFM phase
explaining the necessity of the three sites. With the knowledge of the 30 and 5K fits however, it is clear that this pattern is a mixture of two magnetic sites (one well split and the
other only weakly split (red and purple lines respectively)) and a PM site (green fit). It
is important to note that the PM signal shows up consistently at the same velocity shift,
that is to say the isomer shift remains constant over the measured temperature range. This
parameter is expected to be temperature independent and confirms the validity of the above
interpretation. If the reappearance of the PM peak was due to the formation of a secondary
phase it would be an incredible coincidence for it to exhibit an identical isomer shift. Indeed,
the isomer shifts extracted from all fits are consistent as expected for measurements of the
same material where the charge count does not change therefore leaving the core s-orbitals
of the Fe atom unaltered.
In order to further confirm this interpretation, it is possible to compare the extracted
parameters from the fits and look for the other predicted behaviors of the double-Q structure.
Figure 5.9(a) shows the magnetic moment per magnetic Fe site for both the O-AFM and TAFM phases as extracted from the fits shown in Figure 5.8. The previously described powerlaw behavior of |M| is seen with decreasing temperature for 65K < T < 125K. Remarkably
at Tr the moment jumps by a factor of two - exactly as predicted in the double-Q model. This
is an observation not possible in the NPD patterns as the technique’s inability to determine
non-magnetic sites, in this case, leads the refinements to attribute the magnetic moment to
all Fe sites thus masking the factor of two. For the pattern at 65K in the Mössbauer data
this behavior is clear, the two data points for 65K come from the two magnetic sites seen
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in Figure 5.8(c) and show almost exactly a factor of two between them. As the T-AFM
phase’s magnetism saturates (at T ∼ 15K) this behavior continues until below Tc where,
as expected, the competition between magnetism and SC causes a decrease in the magnetic
moment.
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Figure 5.9: Parameters extracted from fits to the Mössbauer absorption spectra (a) Magnetic
moment per magnetic Fe site with the T-AFM phase shown in red and the O-AFM phase in
purple and (b) relative area of fit for each site corresponding to ratio of sites, with red filled
circles representing magnetic sites and open green circles denoting the non-magnetic site.

As described earlier in this section, the doubling of the magnetic moment on the magnetic
Fe site is expected to be directly related to the loss of magnetization on the non-magnetic
Fe sites and its consequent transfer to the other half which remain magnetic - the results of
coherent constructive and destructive interference. Figure 5.9(b) shows the relative percentage of each Fe site as determined from the area each refined site contributes to the final fit.
Astonishingly, for temperatures which show purely T-AFM, the magnetic and non-magnetic
sites occur in a ratio of 1:1 - 50% of the sites are magnetic, 50% are non-magnetic within the
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low statistical uncertainty of the fits. Once again this is exactly as predicted by the double-Q
model and is consistent with the doubling of the magnetic moment on the magnetic site at
Tr . This ratio is seen for all measured temperatures below Tr . Furthermore, even in the
mixed site refinement of the 65K pattern, the two sites consistent with the T-AFM phase
still appear in a 1:1 ratio. This observation leaves little room for competing interpretations,
should the non-magnetic peak be due to some complicated phase separation at Tr then it
is incredibly unlikely that it would occur at precisely this ratio. The fact that the same
ratio is seen in the mixed phase temperature further eludes alternate description, especially
those based on phase separation as it would require the newly formed phases to be perfectly
coupled - an unlikely scenario in a system which would require three separate phases. As
shown in Chapter 3 the nature of phase coexistence is complicated and unlikely to behave
so discretely at the transition.
These results unambiguously confirm the existence of a double-Q magnetic structure in
the T-AFM phase. The observation of two Fe sites, a doubling of the magnetic moment on
one and its disappearance on the other as well as the exact 1:1 ratio of these sites are only
consistent with the double-Q scenario. The double-Q magnetism is, in fact, indicative of a
more fundamental property - itinerant magnetism - which is completely incongruous with
the orbital ordering paradigm which relies on localized behavior of the electrons. In fact, the
observed structure here is a unique and ideal example of itinerant magnetism because the
two SDW’s are co-linear. This specific configurations leads to the non-uniform magnetization
seen in the Mössbauer data which could only result from wave-like behavior.
It is useful to describe in more detail the two SDW’s to understand this. The spinpolarization of the itinerant electrons which form the SDW may be written simply as S(r) =
M cos(Q · r) where Q is the previously discussed magnetic ordering vector which can take
on two values Q1 or Q2 . In this formulation, the itinerant nature is explicit and, in general,
S(r) need not be commensurate with the underlying nuclear lattice. However, in the 122’s it
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is commensurate and in the T-AFM phase the system simultaneously chooses both Q1 and
Q2 leading to the superposition of two SDW’s which can be written as a simple summation:
P
S2Q (r) = i=1,2 Mi cos(Qi · r). The co-linearity, equivalent magnitudes (i.e. |M1 | = |M2 |)
and commensurability of the SDW’s lead to a unique condition where complete destructive
and constructive interference occur on lattice sites. This behavior is expressly itinerant
in nature and finds no alternate explanation - it displays a fundamental property of wave
dynamics. This behavior is not generally seen in other double-Q structures which may
exhibit |M1 | 6= |M2 | or non-collinearity of the two SDW’s. Having found the unmistakable
signature of itinerant electron born magnetism is significant and helps settle long standing
questions in condensed matter physics, some reaching back over four decades to the first
theory of itinerant magnetism in transition metals [198].
The confirmation of the double-Q magnetic structure now, finally, settles the debate
first started in the intro of this chapter which has generated continual interest since the
discovery of the FSB in 2006. While the nature of the coupling of the order parameters,
the presence of a RSE and the observation of magnetism without a structural distortion all
left minimal but reasonable room for doubt, the only mechanism suggested thus far which
could lead to the formation of double-Q magnetism in the T-AFM phase is spin-fluctuations.
The observations made in this section unite all previously discussed behaviors and clearly
demonstrate that the magnetic degrees of freedom are the primary order parameter in the
FBS. The implications of this finding cannot be overstated for their importance in clarifying
the role of spin-fluctuations in these materials and their essential role in determining the
ground state which in samples showing T-AFM is always SC. This strongly supports the
establishment of magnetic fluctuations as the SC pairing mechanism in these UNSC.
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5.5

Magnetism and Superconductivity in the Fe Based
Superconductors

UNSC have been studied continuously since their discovery nearly 40 years ago. While
progress has been slow in gaining a fundamental understanding of these complicated materials, it is hopeful that several of the most promising of these systems show signs of convergent
behavior. As was discussed in Chapter 1, the cuprate SC have long indicated the possibility
of a magnetic pairing mechanism, and now it seems the new family of UNSC - the FBS further advances this scenario. It is exciting that enduring independent study of these two
families seem to be simultaneously narrowing down the scope of possible mechanisms. Very
recently, work probing the quantum critical point of the cuprate SC has further strengthened
AFM fluctuations’ position as a candidate for the SC pairing mechanism in those systems
[199]. That either distinct material should be pointing in the same direction invigorates hope
for the future of UNSC.
Much of the work presented here is intended to help illuminate the behavior of magnetism
in the FBS. Starting with the complicated intercalated Fe-selendies, it was shown that these
systems with their divergent and unusual behaviors might not be as different from the other
FBS as they look. A previously unreported SC dome was observed in Csx Fe2 − y Se2 which
looks strikingly similar to those seen in the other FBS. Importantly, this result indicates that
some tunable parameter is present in Csx Fe2 − y Se2 which stabilizes SC continuously, rather
than as a discrete condition as, perhaps, suggested in other studies. In many of the other
UNSC, SC is seen to arise upon the suppression of some ordered phase, such as the AFM
phase in the iron-pnictides, a nematic phase in the 11 iron-selenides, or a AFM and charge
density wave in the cuprates. Furthermore, it was shown that SC is likely decoupled from
the majority phase which, it is suggested, likely exhibits many of the unexpected properties
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in the system. This leaves the minority phase, which was shown to be structurally similar
to the 122 FBS, as the main candidate host for the SC state. It, therefore, is vital to
better characterize this phase. It is especially important, to probe for possible magnetic
ordering in the LT122 phase which might make the system more comparable to the wider
FBS family. It is an interesting possibility that this material’s SC properties could be born
of the specific combination of majority and minority phases. In the iron-pnictide 122’s,
non-SC parent compounds can be driven into a SC state simply through the application of
external pressure. It is possible that in the intercalated Fe-selenides a similar mechanism is
at play with the 245 matrix effectively pressurizing the LT122 structure. In this case, the SC
dome described in Chapter 3 could be the result of different nominal compositions creating
different ratios of 245 to LT122 and, therefore, causing different effective pressures on the
minority phase. However, at this point such scenarios are only conjecture. These complicated
materials are still in need of much further study to understand their unusual phase separated
nature. Future work on these systems, might endeavor to study the formation of the LT122
phase via diffraction experiments performed with different cooling rates through the Ts . This
would be useful in determining how the LT122 forms as the Fe vacancies order, and if by
varying the cooling rate through the transition it is possible to control the phase fraction
and crystallographic properties of the minority phase.
On the other hand, the path forward in the study of the iron-pnictide 122 family is
more unmistakable. The already fruitful competition between the O-AFM magnetism and
SC, is now supplanted by a region of strong competition between two magnetic phases
and SC by the discovery of the T-AFM phase. That these three phases should be in such
strong competition indicates the similarity of their energy scales and the coupling of their
order parameters. By studying exactly how these order parameters compete to determine
which of these phases becomes energetically favorable is of incredible value to understanding
UNSC in these materials. Even for the three materials in which the T-AFM phase has been
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reported its exact doping dependence has varied subtly but significantly. Understanding
what is determining the morphology of this phase is greatly helped by having these different
materials which show the phase but in different realizations. Therefore, it is useful to continue
searching for this phase in the other FBS. Many continuous parameters are changing between
these systems (parameters such as electron concentration and A-site ionic radii) such that it
should be possible to traverse the phase space between these discrete phase diagrams in order
to determine how the shape and extent of the T-AFM phase in one material changes into
that of another. Indeed, though it is not reported here, work toward this end has already
been started to great success.
Looking forward, there is a new exciting family of UNSC which shows much promise.
Based around chains of CrAs, the A2 Cr3 As3 (where A is an alkali metal) SC incredibly show
nearly identical phase diagrams to the FBS with the suppression of an ordered magnetic
phase leading to SC. While Tc ’s in these materials are small usually at less than 10K, they
have an exciting structural property not shown in the cuprates or FBS - SC exists in quasi-1D
chains. As seen earlier in this chapter, the low quasi-2D structure of the 122 iron-pnictides
greatly simplified theory considerations. Theorists have long hoped for a 1D system for
these materials which exhibit strongly correlated electrons. While, the strong correlations
complicate models and calculations the reduction in dimensionallity combats this complexity
reducing the problem to one which is significantly more tractable while at the same time not
reducing the interesting physics born of strongly correlated electrons. Though the study of
these materials is still nascent, it is this author’s belief that much will be learned from these
materials going forward and that together with the lessons learned from the cuprates and
the FBS they might prove decisive in understanding the mechanism of UNSC.
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APPENDIX
MATERIALS SYNTHESIS PERFORMED BY
COLLABORATORS
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A.1

Synthesis of Csx Fe2 − y Se2

Single crystals of Csx Fe2 − y Se2 with compositions 0.8 ≤ x ≤ 1;0 ≤ y ≤ 0.3 were
carefully grown through a complex multi-step process which was designed to carefully control
the volatilization of Cs. High purity elemental Cs, Fe and Se was in all reactions and as
described in Chapter 2 all handling of materials was performed in the inert atmosphere of
a dry Ar glovebox. Furthermore, all reactions were carried out in evacuated quartz tubes
and in some cases with the further protection of an inner sealed Nb tube filled with Ar gas.
FeSe precursors were synthesized by carefully mixing Fe and Se in the appropriate 2 − y : 2
stoichiometric ratio and then annealing at 700◦ C for 2 hours. The reacted Fe2−y Se2 powders
were then homogenized by grinding in a mortar and pestle and loaded into one end of an
‘H’ shaped quartz tube while the opposite end was filled with an appropriate amount of
Cs metal. The custom tube was then sealed under vacuum while the end containing the
Cs metal was kept submerged in a liquid nitrogen bath to prevent volatilization. This was
then annealed at 250◦ C for 24 hours before being slowly increased up to 400◦ C where it was
soaked for 48 hours.
At the end of this annealing program all Cs metal was found to have completely reacted
with the Fe2−y Se2 powder resulting in an inhomogeneous mixture. This resultant mixture
was then ground to homogenize, before being loaded in a sealed Nb tube which was in turn
sealed in an evacuated quartz tube. The material was then anealled at 1120◦ C for 12 hours,
cooled slowed to 650◦ C at 5◦ C/h. Once 650◦ C was reached the assembly was rapidly cooled
to room temperature. This procedure produced black crystalline rods which were easily
cleaved.
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A.2

Synthesis of Sr1 − x Nax Fe2 As2

In order to construct a detailed phase diagram of the poorly studied Sr1 − x Nax Fe2 As2
system twenty-three compositions were synthesized with nominal sodium contents of x =
0.10, 0.20, 0.25, 0.26, 0.28, 0.29, 0.30, 0.32, 0.34, 0.35, 0.36, 0.37, 0.38, 0.39, 0.40, 0.42, 0.44,
0.45, 0.5, and 0.6. The samples were prepared in two separate batch sizes depending on
whether they were to be measured with neutron or synchroton diffraction with batch mass
of ∼ 5 g and ∼ 0.5 g respectively. As detailed in Chapter 2 for other pnictide materials, the
handling of all starting elemental materials was performed under an inert Ar atmosphere
inside a glovebox. In the precursor synthesis elemental Sr (Aldrich, 99.9%), Fe (Alfa Aesar,
99.99+%) small pieces of Na (Aldrich, 99%) and granules of As (Alfa Aesar, 99.99999+%)
were used. The binary materials of SrAs, NaAs, and Fe2 As were synthesized using alumina
crucibles sealed in quartz tubes from stoichiometric reactions of the elements at 800°C, 350
°C, and 700 °C, respectively, similar to precursor preparation described previously.
Once high purity precursors were obtained, polycrystalline samples of Sr1 − x Nax Fe2 As2
were prepared by combining stoichiometric mixtures of SrAs, NaAs, and Fe2 As precursors.
The resulting mixture was thoroughly ground with a mortar and pestle to encourage homogeneity and then loaded into alumina crucibles which were then sealed in Nb tubes under Ar
atmosphere. this was done to prevent the vitalization of Na and allow for better control of
the final composition. The Nb tubes were then sealed in evacuated quartz tubes to prevent
oxidation of the Nb. These mixtures were then subjected to multiple heating cycles between
850-1000°C for durations less than 48 h. After each cycle the mixtures were removed from all
sealed tubes carefully reground before being prepared as previously described and then reannealed. After the final heating cycles, each sample was quenched in air from the maximum
temperature.
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In order to achieve high quality samples, after each annealing cycle magnetization measurements were performed to check the quality of the superconducting transitions. Repeated
annealing cycles were found necessary to ensure the chemical homogeneity which for these
materials was characterized as a sharp single step diamagnetic response. Figure A.1 (a-b)
shows the magnetization measurements for all samples after the final annealing cycle where
sharp single step transitions are seen. Fortunately, the final samples were found to remain
stable when exposed to air for periods of several days unlike the nearly metastable Na doped
Ba 122 system.
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Figure A.1: (a)Magnetization (normalized to sample mass) of the large samples grown for
neutron diffraction experiments. All samples are seen to exhibit bulk superconductivity
with small discrepensies consistent with minute concentrations of FeAs impurity phases. (b)
Magnetization curves for the small synchotron samples normalized to unity.

